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DEVELOPMENT OF AN EXPERIMENTAL PROGRAM IN HAZARDOUS WASTE

INCINERATION

INTRODUCTION

The California Air Resources Board (CARB) is charged with assisting
the Department of Health Services (DOHS) and local air pollution control
districts (APCDs) in evaluating applications to burn hazardous wastes
in a variety of incinerators. Incinerator evaluation tests typically
involve determining the destruction and removal efficiency (DRE) of the
incinerator for selected principal organic hazardous compounds (POHCs),
as well as determining the emissions of certain products of incomplete
combustion (PICs). Because these tests require extensive analyses which
are very expensive, unanticipated problems with sampling at the test
site or subsequently with analytical methods can cause costly delays or
require further testing.

The CARB has contracted with the Department of Civil Engineering, UC
Davis to investigate the feasibility of developing an experimental
program to study hazardous waste incineration. Such a program would be
geared toward -improving the efficiency of conducting these tests,
lowering test costs, and interpreting test results. The desired goals
of an experimental program on waste incineration are:

1. To develop and test sampling methods for incineration studies.

2. To perform studies of products of incomplete combustion.

3, To study the effect of mixing of fuels on emissions.

4. To evaluate the feasibility of usiné surrogate hazardous waste

compounds in incinerator studies.

5. To study the influence of various " failure conditions® on the

destruction efficiency (DE) of hazardous compounds.



6. To determine the significant operational parameters such as
minimum temperature, residence time, oxygen concentration,
etc., for effective destruction of hazardous compounds.

7. To determine which surrogate compounds best represent complete
combustion of the hazardous waste.

The purpose of this report is to assess the feasibility of the
CARB’s development of an experimental program in hazardous waste inci-
neration. This study will focus on answering the following questions:

1. What can be accomplished in pilot scale and laboratory hazar-
dous waste incineration studies?

2. What are the advantages, disadvantages, costs, and commitments
of the following options:

a) CARB designs a test program then contracts for
use of an existing facility to carry cut the study.

b) CARS builds and operates its own facilities to carry
out its studies.

3. What laboratory scale studies may be beneficial to CARB’s
hazardous waste incineration program?

This study will be divided intoc five sections: I. Benefits and
Limitations of Pilot Scale and Laboratory Hazardous Waste Incineration
Studies, II. Contracting for Use of an Existing Pilot Scale Hazardous Waste
Incinerators, III. Development of a CARB Pilot Scale Hazardous Waste
Incinerator, IV. Laboratory Scale Hazardous Waste Incineration Studies,

and V. Conclusions and Recommendations.



I. BENEFITS AND LIMITATIONS OF PILOT SCALE AND LABORATORY HAZARDOUS
WASTE INCINERATION STUDIES

An experimental program in hazardous waste incineration can be
developed on two different levels: a pilot scale or laboratory (bench)
scale. Ideally, a complete .experimental program in hazardous waste
incineration would involve a mix of the above as well as full-scale
verification tests.

A pilot scale program in hazardous waste incineration (HWI) would
involve the development and/or testing of a pilot scale combustor. 1In a
sense, the pilot scale program involves the testing of a scaled down
version of a full scale combustor, with a nozzle, flame zone (i.e. the
region characterized by rapid reaction and heat release, temperature
increase, and an abundance of radicals), post-flame zone, and effluent.
The benefits of a pilot scale program are that the same proceéses, such
as atomization, fuel/air mixing, flame zone destruction, non-flame zone
destruction, occur in both the pilot scale and full scale combustors.

The major limitation of any pilot scale combustion device is the
uncertainty in scaling of all important phenomena occurring in full
scale systems. Specifically, scaling of nozzle performance, fluid dyna-
mics, and heat transfer is extremely difficult in combustion systems
(e.g. existence of recirculation patterns near the burner). Based uﬁon
interviews with various combustion experts in California, the general
consensus is that scaling of full scale systems to a pilot scale for
quantitative POHC DE and PIC concentration predictions is not possible
at this time. Nevertheless, useful combustion information including
chemical kinetic studies, can be generated despite these limitations.
It is felt that flame-mode incinerability ranking studies, surrogate

studies, failure-mode effects on DE, and some PIC studies can be carried



out effectively at the pilot scale. These pilot scale studies would
contribute significantly to the understanding of full scale HWI pro-
cesses.

An immediate application that could be realized from a pilot or
laboratory scale HWI program would be the establishment of a flame
failure-mode incinerability ranking of various wastes. Flame failure-
mode inCinerability rankings complement non-flame zone ranking studies
[5] which have been conducted or are currently underway. Because the
cost of monitoring every hazardous compound in full scale tests is pro-
hibitive, it is practical to monitor only the most refractory POHCs and
PICs. By utilizing flame-mode incinerability ranking in conjunction
with non-flame rankings it may be possible to identify refractory com-
pounds for a variety of incinerator failure conditions, including atomizer
failure, mixing failure, thermal failure, or quenching failure Bﬂ .
Once identified, these compounds may serve as suitable surrogate com-
pounds which can be spiked into the waste to be burned during permitting
and compliance tests.

Determination of PICs evolved from the combustion of various POHCs
has also been studied using pilot scale HWI experiments [9, 18].
However additional PIC determination tests using pilot scale systems
could be of value. In addition, the effectiveness of various compounds
for continuous monitoring purposes (SF6, CO, THC) in predicting POHC DE
and PIC formation could continue to be evaluated.

Laboratory HWI studies also provide an important 1link in the
understanding of the performance of full scale HWI system. Typical stu-
dies that can be carried out at the laboratory scale are: droplet com-
bustion studies to study the burning rates and combustion products of

various compounds, premixed flame studies in which the chemistry and



-~

chemical kinetics of the combustion of hazardous materials can be eva-
luated, non-flame studies which evaluate the kinetics of decomposition
of compounds in the absence of flames, and flue gas simulation studies
in which the effectiveness of source test methods can be evaluated.

In most cases, laboratory studies do not involve scaled .down ver-
sions of full scale combustors. Rather, one aspect of the HWI process
is isolated and studied. The advantage of laboratory studies over pilot
scale HWI systems is that a fundamental understanding of the processes
that occur in full scale HWIS can be develgped under controlled con-
ditions. Additionally, laboratory systems are less costly to obtain and
maintain than most pilot scale systems, and require less operator
training. The drawbacks are that laboratory systems are further removed
from the full scale HWI systems. Thus it is difficult, perhaps
impossible to make quantitative predictions of waste destruction based
solely_on lab scale data.

II. CONTRACTING FOR USE OF AN EXISTING PILOT SCALE HAZARDOUS WASTE

INCINERATORS

A questionnaire (Appendix A) was prepared and sent to selected com-
panies 1in California involved in hazardous waste incineration research
to evaluate the potential for CARB renting time on existing pilot.scale
HWI systems. The objectives of the questionnaire follow: a) to eva-
luate pilot scale HWI facilities present in California that could be

utilized by CARB to perform tests and sampling methods development, and

. b) to evaluate the possible purchase or construction of a pilot scale

incinerator to be operated by CARB personnel. An evaluation of the
responses to objective a) are discussed in this section and the respon-

ses to objective b) are presented in Section III.
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Questionnaire Description

The questionnaire (see Part II of Appendix A) was developed to
obtain the following information: a physical and an operational
description of the unit, availability and type of computer models used
to describe the unit, fuels and SF6 tracer capability, methods for simu-
lation of failure conditions, and costs of rental and operation of each
combustion unit (CU). Information gathered from the physical descrip-
tion questions included firing rates, exhaust gas flowrates, location
and number of sample ports, ability to change combustion volume, and
data géthering/analysis capabilities. The operational description dealt
with questions regarding variability of swirl (proportional to
turbulencej, flame and wall temperature measurement capabilities, and
the states (gas, liquid, solid) of fuel burned. Fuels and tracer capa-
bilities dealt with the range of liquid fuel viscosities usable in the
CU, experience burning slurry and solid fuels, and capabilities for
SF6 tracer studies. Information on the ability to simulate failure con-
ditions invelving wall/flame quench and atomizer failure were also
desired. Potential contractors were asked to estimate costs of using
the CU to conduct HWI tests in response to a standard scenario. The
standard test scenario assumed that a combustion test lasted for one
week (during regular working hours only), and would be performed using
one liquid fuel specified by the CARB and supplied by the contractor.
In addition, the following failure conditions would be simulated: ato-
mizer failure, wall or flame impingement quench, high and low excess
air. Injection ports for SF6 were to be provided. The contracting com-
pany would also provide use of the CU with all personnel necessary for
its operation, all combustion process information, and CARB for access

to the unit source tests.
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Summary of Questionnaire Responses

Responses for seven different CUs consisting of three different
types (liquid/gas fired, rotary kiln, and circulating bed CUs) are pre-
sented below. To assure corporate confidentiality each of the seven CUs
was given a code (CU-A through CU-G). A tabular summary of responses
for each of the CUs surveyed is presented in Table 1. What follows is a
review of the responses to each group of questions.

The range of firing rates for the CUs varies from 30 to 2500 kBtu/hr
for combustion of No. 2 fuel oil, and a corresponding exhaust gas
flowrate of 1 to 550 SCFM. Thus CARB’s requirement for at least 10 SCFM
for sampling purposes is met by all CUs except for the lower ranges of
CU-C and CU-D. Because of their higher firing rates test results from
units Cu-A, CU-B, and CU-E probably have greater applicability to full
scale combustors of similar configuration than do the other CUs. The
number of sample ports available for post flame temperature deter-
mination is adequate for all CUs except possibly for CU-D. |

The ability and speed with which the combustion volume of the CU can
be changed might be important in performing some residence time studies.
All CUs surveyed except CU-C and CU-G reported ability teo change com-
bustion volume. The percent CU volume change and time to complete
volume change varied widely. For example the volume of CU-B can be
reduced to 1/5 of the original volume, but thevchange requires one week
to accomplish, while the volume of CU-D can be reduced to 2/3 the origi-
nal volume in only 1 hour. Obviously the CU size, design, and physical
layout influence both the facility and degree of volume change.

The ability to stage combustion air is useful in controlling the
combustion process in the flame zone and in the post-flame zone. All

CUs surveyed have the ability to stage combustion air except for CU-D

12
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and CU-E. Control of the wall temperature in the post-flame region is
another importént attribute of a research CU. If the wall temperature
can be controlled, then time-temperature studies of the post-flame
region can be conducted. If the post flame region is cooled, then post
flame reactions are quenched and analysis of effluent gases shows flame
zone processes only. CU-B 1s equipped with heating coils filled with
high temperature heat transfer fluid, permitting the specification of
time-temperature of post flame gases. CU-C and CU-G are back-fired so
that heat losses in the post flame region are reduced. CU-D has cooling
coils available for quenching of post-flame reactions.

The data gathering and analysis capabilities of the various CUs
varied widely. In all cases, temperatures, pressures, flows, and common
combustion gases ére monitored. CU-A and CU-F have automatic real-time
data collection for all measured parameters while the other CUs have
manual data collection. Data plotting and statistical analysis of com-
bustion data are available for CUs A, B, C, E, and F.

All CUs surveyed were able to burn gaseous fuels. Simultaneous com-
bustion of liquid and gaseous fuels is presently available in all CUs
sufveyed except CU-D and CU-F. Fabrication of a burner to permit the
simultaneous combustion of gaseous and liquid fuels is possible for CU-D
and CU-F. |

Swirl is often used to modify flow characteristics in liquid fuel
burners. A swirl number may be defined as the ratic of the jet angu-
lar momentum to the jet linear momentum (13). Thus an increase in
swirl number corresponds to an increase in turbulent mixing. Swirling
flows result in intense recirculation patterns and increased swirl is
found to shorten the length of the flame zone while increasing the

length of the post-flame zone. All CUs except CU-A are capable of
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varying the burner swirl, with CU-B offering the smallest range of swirl
variation and CU-C permitting the largest range of swirl variation.

Techniques to measure flame temperature include 6ptical pyrometry,
suction pyrometry, and the use of thermocouples. Suction pyrometry is
used for flame temperature determinations of CUs B, D, E, F, and G.
Thermocouples are used in CU-A and CU-C to determine average flame tem-
peratures. Ports for the use of either optical or suction pyrometry are
available for CUs B, C, D, and E. The temperature of solids in CU-F is
determined by using a two-color pyrometer. Both post-flame and wall
temperature distribution data are available for all CUs surveyed.

All of the companies surveyed had developed modeling capabilities
for their CU except for CU-A. However, because of a nearly uniform tem-
perature distribution, a high degree of turbulence, and plug-flow charac-
teristics of CU-A, a simple kinetic model night be developed to
successfully predict species [E. Models for all of the other Cus
involve determination of the temperature distribution wusing heat
transfer models and then application of kinetic and equilibrium codes to
predict specie concentrations.

In the combustion of liquid fuels, the fuel viscosity is an impor-
tant parameter in governing the performance of the CU. For the CUs sur-
veyed, the range of kinematic viscosities varied from 30-100 seconds,
Saybolt Universal (SSU) for CU-E to 30-900 SSU for CU-B and CU-C (water
at 20°C has a kinematic viscosity of 30 SSU). Liquid fuel preheating
would be used to reduce the fuel viscosities of heavy fuels and is
available for CUs, B, C, D, f, and G.

The capability of burning solid fuels and slurries is a desirable
option for a HWI pilot scale program. Although considerable data have

been generated on liquid hazardous wastes, much less comparable data are

16



available for combustion of hazardous solid wastes or slurries. All CUs
surveyed except CU-D reported either solids and/or slurry combustion
capability. CU-F has the capability of firing containerized waste while
CU-A is capable of firing solids and slurries with a particle diameter
of up to 1 inch. CUs B and £ can fire slurries with a particle diameter
less than 100 micrometers using a pressure-atomized nozzle and up to 200
micrometers using an air-atomized nozzle. Slurries with a particle
diameter less than 100 micrometers can be burned in CU-C using a
pressurized nozzle. The use of an air-atomized nozzle in CU-C permits
the use of slurries with particle diameters larger than 100 micrometers.
Note that the combustion of high ash fuels in CU-C may require con-
tinuous removal of oottom ash, which is not in the current design.
Slurries with particle diameters less than 300 micrometers can be
burned in CU-G. A partial list of the fuel mixtures previously tested

in each CU is presented in Table 2.

The injection of SF6 has been proposed as a surrogate for DE moni-
toring of HWI facilities. All CUs surveyed reported capabilities of
SF6 (or some other gaseous tracer) injection into the CU. Injection of

SF. can take place in several ways: a) into either the 1liquid fuel

6
stream or into the burner for CUs A, B, C, E£; b) into the air or steam
for air/steam atomized nozzles in CUs B, C, E; c) with the gas in a
dual-fuel nozzle in CUs B, C, D, E, Gy d) near the nozzle tip in CUs D
and G; and e) near the burner in CU-F.

The importance of examining the effect of failure conditions on DE
has been discussed. Both flame impingement on a cold wall and cold wall
guench can be simulated in CUs B, C, D, and E. Cold wall quench can be

simulated in CU-A and flame impingement on a cold wall can be simulated

in CUs F and G. Atomizer failure can be simulated in all CUs except for
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Table 2

FLUEL MIXTURES PREVIOUSLY TESTED

Cu-A cu-B Cu-C Cu-D
Rubbish Coal-oil Heavy fuel oil Various liquid
Diatomite mixtures Various liquid fuels
High-cyanide, Solid/liquid forms forms of solvent

fluoride pot of solvent refined coal

linings
Chlorinated
hydrocarbons
High sulfur coke
Chlorinated solid
wastes
Chlorinated coke
residue
Bark
Wood wastes
0il shale
Uranium-o0il
slurry
Coal refuse
High nitrogen

refined coal
No.2 fuel o0il w/

chlorobenzene,

carbon tetra-

chloride, chloro-

form, methylene
chloride,
dichloroethane

Mixture of 70%
methanol, 20%
water, 5%
methylene chlor-
ide, 5% chloro-
form & chloro-
benzene

cow manure
High chlorine
oily bilgewater
High phosphate,
boron, nitrogen,
oil slurry

CU-E CuU-F CU-G

Various slurried
fuels

Pulverized coke
emulsified in
water

RDF and pulver-
coal

Pulverized solid
solvent refined
coal

Various liquids,
sludges, and
solid container-
ized wastes
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CU-A, which doesn’t have an atomizer.

The costs of renting a CU varied widely among the CUs surveyed.
The cost estimates presented below are based on the following assump-
tions: a) a test period of one week (Monday to Friday), b) one contrac-
tor supplied liquid fuel (specified by CARB) to be used during the
entire week, c) the following failure conditions would be simulated if
applicable: atomizer failure, wall or flame impingement gquench, high
excess air, low excess air, d) SF6 injection port, e) contracting com-
pany must provide access to the CU for a source test and all necessary
personnel for its operation and data collection, f) CARB will gather
samples during regular working hours only. The rental costs ranged from
a low of $6000/week for CU-D and CU-G to a high of $60,000/week for
CU-A. For CUs B, C, E, the rental costs (which include personnel for CU
operation, equipment use fees, fuel) were presented along with post-test
costs (which include data reporting, returning facility to base con-
figuration, etc.). The post-test costs are not specified but are esti-
mated to be as much as a single week of testing. Note that the one week
rental cost for CUs B, C, E, does not include extra costs for facility
set-up and preparation {(which are highly project specific and are esti-
mated to be as much as a single week of testing). Thus for CUs B, D, E,
the total cost charged to CARB for one week of testing may be 2 to 3

times the quote for the one week use fee. Therefore, the effective cost

for one week of testing is $20,000 to $30,000 for CU-8, $13,000 to
419,000 for CU-C, and $21,000 to $30,000 for CU-E. The estimated cost
for CU-F is $9000/week. It must be noted that quoted costs are not
bid costs, but rather estimates based upon the companies’ experience or

projections.
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III. DEVELOPMENT OF A CARB PILOT SCALE HAZARDOUS WASTE INCINERATOR

To evaluate the feasibility of the CARB building and operating a
pilot scale HWI incinerator, Part III of the questionnaire shown in
Appendix A was sent to selected companies in California involved with
HWI research. Descriptions of three different pilot scale combustion
systems were submitted for evaluation in response to the guestionnaire.
In this section of the study, the goals of Part III of the questionnaire
and a summary of the major features of each of the proposed pilot scale
systems submitted are discussed. All company names have been omitted

and the order of presentation was selected randomly.

Questionnaire Description

The major goal of Part III. of the questionnaire was to obtain
information bn small scale CUs thét could be used for a CARB operated
hazardous waste incineratioh research program. Specifically, infor-
mation on a CU nominally rated at 70 to 150 kBtu/hr burning No. 2 fuel
0il was desired. Burner requirements included the capability of burning
liquid fuels within a range of viscosities (No. 2 fuel oil to toluene)
and slurry fuels, at various swirl settings. A capability of simulating
various failure conditions was also required: low/high excess air, wall
quench, and atomizer failure. To permit variation of the combustion
volume, a modular design was also desired. All controls and appurtenan-
ces necessary for operation and monitoring of the CU were included
except for gas analysis and data acquisition equipment. A method for

injecting SF, into the CU was also required. To assure complete

6
destruction of all hazardous products, independent of the operation of
the CU, an afterburner section was also required. The total cost of the

system was based on turn-key installation and was to include operator
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training. The uncertainty of the cost estimate and the delivery time
for design, construction, installation, and shake-down testing was also

Tequested.

CARB Pilot Scale CU#l

The first CU discussed in this section closely simulates the capabi-
lities of CU-D, discussed in the previous section. CU#l is designed to
simulate processes that occur in the flame zone of liquid injection
incinerators. Features include high efficiency operation, small size,
and an ability to simulate failure conditions.

Physical description: CuU%l is a liquid injection combustor with
chamber dimensions of 12" ID by 36" length. A sketch of the system is
presented in Figure 1. Two nozzles can be utilized in this CU. The
first is a hollow-cone type with a 60 degree spray angle which cannot be
used for slurry fuels. Various sizes permit fuel rates of 0.5, 0.75,
1.0, and 1.5 gal/hr. Slurry fuels can be tested utilizing a twin-fluid-
nozzle which uses a high pressure air stream to atomize the slurry. A
swirl block generator is used to obtain swirl numbers ranging from O to
2.4, Vanes on the swirl block generator are mechanically adjusted.

A castable refractory cone in the combustor provides a smooth tran-
sition between the burner and combustor, preventing recirculation cells
from forming. Four view ports are available for flame observation,
sampling in flame zone, or flame temperature determination. The body of
the combustor consists of three sections of flanged double-walled
stainless steel tubing. Cooling water is circulated between the inner
and outer tube walls to control the wall temperature. The flanged sec-
tions are interchangeable and yield volume changes of 0.8 cu. ft.

A nitrogen pressurized feed system is used to deliver 1liquid fuel

21



Sample Point o
Exhaust Thermocouple_ |,

== = =

Charcoal
Filter

Regulator

Nz Supply _—O_—ﬂ Reactor

Fuel
Tanks

Swirl Burner

) Rotameter

e
Filter
Filtered -
—
Compressed —1 I 1 — b,
Rir et —
Control Valve Venturi Meter

Figure 1. Schematic diagram of CARB Pilot Scale CU #1.
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to the burner without pulsations, which could otherwise occur with
mechanical pumps. A solenoid provides remote shutdown capabilities in
the event of a power failure or other emergency.

The combustor is placed within a fume hood which is continuously
vented. In place of an afterburner, a large charcoal filter canister is
used to collect trace organics. A small HCl scrubber follows the char-
coal filter.

| Features: Five failure modes can be simulated with this CU. High
and low excess air failure modes can be simulated by variation of the
air flowrate. The wall quench failure mode is ideally suited for this
CU because it is designed to study flame reactions. Water cooled walls
are used to quench undesired post-flame reactions. Flame impingment can
be simulated by insertion of a water-cooled coil into the flame zone.
To simulate an atomizer failure, an oversized nozzle can be used to
create large fuel droplets of low momentum. An aerodynamic failure
(which changes the interaction between the air and fuel) can be
simulated by changing the burner air velocity, swirl number, or the
spréy angle.

SF6 can be introduced into an annular space in the burner between
the fuel and combustion air. Injection of SF¢ into the 1liquid fuel
stream could cause an atomizer failure condition (as the SF6 can form
gas pockets) and therefore was not recommended.

Schedule: The proposed facility would require about four months to
complete; including design, fabrication, installation, shakedown, and

operator training.
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Budget: The proposed facility would cost about $65,500 +/-10%.
This cost includes the following:
Compressor, Chiller, air tank
Reactor air cleaning, metering and control system
Cabinet for reactor with vent blower
Fuel storage tanks, filters, controls, meters
Selection of pressure atomizers
Combustor body, three sections with quarl and end plates
Swirl block generator
Charcoal trap for flue gas exit
Thermocouples for flue gas and cooling water
Slurry pumping system with twin-fluid nozzles

SF_ injection system

6
Auxiliary hardware and electrical supplies for installation

Comments: The company submitting this system had some comments
which relate to the proposed HWI research program. They noted that good
hardware does not necessarily imply cost effective research. Therefore
to assure that a quality research program is developed they recommend

that operational and supervisory personnel be intimately familiar with

the design and construction of the combustor. In addition, they recom-
mend that vendor technical staff provide 1) on-site training of CARB

personnel, and 2) on-site start-up and shake down of the equipment.

CARB Pilot Scale Cu#2

This CU is designed to meet all of the specifications outlined in
part III of the questionnaire. This CU allows for staged construction
of a sophisticated facility by adding on to a base facility, which is

outlined in this section.
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Physical description: The physical descriptioﬁ of this CU is
described in seven parts dealing with main combustor, burner, air flow
control and measurement, fuel delivery, gas cleanup and cooling,
controls and safety features, and operator training. A sketch of the
main features of CU#2 is presented in Figure 2.

The main combustor of CU#2 is vertically down-fired which permits
combustion volume changes (assuming an overhead crane is available).
The dimensions are 10" ID by 10’ long with 16" of layered insulation.
Based on these dimensions, a temperature profile varying between 2800°F
to 1500°F and a residence time of 3 seconds can be achieved. To accom-
modate combustion volume changes, the main combustor can be divided into
modular sections of 2’ and 3’. Samples ports can be spaced at intervals
of 6". An afterburner, 7  in length, is-horizontally mounted at the
elbow of the exit from the main combustor (see Figure 2). Gases exiting
the afterburner rise vertically, are cooled naturally (i.e. no mechani-
cal cooling device is utilized), and pass through an ID fan.

The burner system used in CU#2 is é small research dual register
burner which permits the control of air mixing and burner swirl. This
burner has interchangeable fuel nozzles which allow for study of atomi-
zation failure studies. A commercial oil burner could be utilized for
certain studies at considerable savings over a research burner, but with
much less flexibility. A conventional commercial gas burner is used for
the afterburner.

The air flow control and measurement system is designed around the
assumption that house compressed air at 100 psi is available in suf-
ficient quantities for primary and staged combustion air, and atomiza-

tion air.
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Three fuel delivery systemé are utilized in CU#2. The first is a
natural gas system which is used for liquid fuel heating (to reduce
viscosity as needed) and for the afterburner. The second fuel delivery
system is the fuel oil system which consists of pump pressure relief
valve, flowmeter, safety shutoff valve, line purge tap, and pressure
regulating valve. Air-atomized nozzles are used, permitting a turndown
ratio of 3:1 or less. The slurry fuel delivery system consists of a
slurry pump, heated tank with stirrer, weigh scale td determine flowrate
and flow control valve. Special air-atomized or rotary-cup nozzles are
required when firing slurry systems. SF6 can be added to each of the
fuel delivery systems.

No active gas cooling system is used in this design. A small water
scrubber is used to. clean up particulate matter and to remove HCl and
803 from the flue gases.

‘Manual controls are used in this design. The only automatic feature
is the flame safeguard system which controls the pilot sequencing and
solenoid values for the main burner fuel and the afterburner gas. U-V
flame detectors are used to sense the flame. This system permits unat-
tended overnight operations. A centrally located panel contains all
rotameters, control valves (except gas), temperature readout, and flame
safeguard.

Operator training of one week follows installation, start-up, and
checkout. Operating personnel should be present to assist in installa-
tion and start-up of the CU.

Features: Four failure modes can be simulated with CU#2 including:
high and low excess air failure, flame impingement on a cold surface,
atomizer failure, and aerodynamic failure. As noted earlier, SF6 can be

injected into the fuel line.
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Schedule: The proposed facility would take approximately seven
months to complete: design - 2 months, fabrication - 3 months, installa-
tion and checkout - 2 months.

Budget: @ The proposed facility would cost about $150,000 +/- 10%.

The cost estimate is broken down into the following categories:

Main combustor and support $58,000
Burners 9,000
Air flow control and measurement 10,000
Fuel systems 24,000
Gas cleanup and cooling 6,000
Control and safety 36,000
Operator training 7,000
TOTAL 3150, 000

CARB Pilot Scale CUW#3

The CU discussed in this section is a scaled down version of CU-A
presented in Part II of this report.

Sizes of two pil&t-scale CUs, one rated at 70,000 Btu/br and the
other rated at 2 MMBtu/hr, are discussed briefly. The internal diame-
ters of these CUs are 3" and 16" respectively and 12" thick refractory
is required. Because auxiliaries such as analyzers, controls, and plat-
forms are independent of the unit throughout, there is not a
corresponding order-of-magnitude cost savings with the smaller unit.
For example, the 2 MMBtu/hr unit would cost about $1,000,000 while the
70,000 Btu/hr unit would cost about $600,000. Turnkey operation can be
provided in 10-12 months.

It is also important to note that this company is installing a 2

MMBtu/hr unit in Canada. The Canadians are budgeting for a staff of 12
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to run it on a long term, around-the-clock basis. Thus, installation of
this CU represents large on-going resource commitments. Nevertheless,
this unit has a number of potentially attractive features such as its
potential as a low NOX incinerator, the range of fuels that it can
handle, and the possibility that units of this type might become more

widespread as “onsite” disposal units.

IV. LABORATORY SCALE HAZARDOUS WASTE INCINERATION STUDIES

As noted previously, laboratory or bench scale combustion studies
can provide useful information toward the understanding of major pro-
cesses that occur in hazardous waste incineration. In this section,
four different studies involving HWI, that can be carried out at the
laboratory or bench scale will be evaluated with regard to their use-
fulness to CARB’s stated program goals. The laboratory studies
discussed in this section are: Combustion Studies of Liquid Hazardous
Waste Droplets, Flame-Mode Global Kinetic Studies, Non-Flame

Thermal Decomposition Studies, and Flue Gas Simulation Chamber Studies.

Combustion Studies of Liquid Hazardous Waste Droplets

Many liquid hazardous wastes are suitable for burning in liquid-
fired boilers and incinerators. Because liquid spray combustion systems
are widely used in both boiler and incinerator systems, spray combustion
of hazardous waste needs to be evaluated to determine the difficulty of
destroying compounds, to predict DE, and to predict the formation of
PICs. The study of the behavior of the combustion of liquid hazardous
waste droplets provides important information which can be used in spray
combustion studies.

Spray combustion involves three basic processes: formation of

droplets, heating and vaporization of droplets, and kinetically depen-
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dent ignition and combustion of vapor. The spray combustion process is
complicated by the nature of convective momentum, heat and mass transfer
between droplets and the surrounding gas phase. Turbulence governs
interactions betweén droplets and the gas phase. To obtain a full
understanding of the processes involved in spray combustion it is
necessary to have a knowledge of a) the mechanism of combustion of the
individual droplets that make up the spray, b) the description of the
droplets that make up the spray with regard tc size and spatial distri-
bution, and c) any interaction between the individual droplets as they
undergo combustion in the spray [190.

Studies on the nature of single droplet combustion were started over
30 years ago by Spalding [Iﬂ and Godsave [&] with the development of
the "d-law". The d°-law basically states that the surface area of a
droplet decreases linearly with time, subject to a number of simplifying

assumptions. The dz-law has been a useful model because it also pre-

/

T ) and the flame
drop

dicts that the flame-front stand-off ratio (rflame
temperature are system dependent constants, independent of the droplet
size [10]. Current studies of symmetric droplet burning are targeted
toward understanding transient droplet heating, multi-component fuels,
variable gas phase transport coefficients, fuel vapor accumulation,
micro-explosion phenomena, and finite chemical reaction rates [11].

Some experimental evidence indicates that spray combustion in most
practical burners is not the combined effect of many individual burning
droplets [2]. It appears that group combustion of droplet clouds is the
predominant mechanism in spray burning systems, except for very dilute

sprays. However, it has been shown recently that cloud lifetime and

cloud ignition/extinction are related to the corresponding results from
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droplet burning studies [lé]. Thus, droplet burning studies provide an
important key to understanding what goes on in spray combustion processes.

A laboratory scale droplet combustion system is conceptually very
simple; consisting of a droplet generator, premixed burner, optical ana-
lysis equipment, combustor body and accessories (see Figure 3). A
laboratory scale droplet combustion system could provide information on

six areas summarized below.
Burning and vaporization rates studies: Single droplet guasi-steady

state theories predict that the surface area of a burning or vaporizing
droplet decreases linearly with time. The d2-law is the basis for
several spray combustion models [19]. Combustion theories predict that
the burning rates of droplets in a cluster (droplets in close proximity
to one another) burn at a lower rate than the burning rate of isolated
droplets due to competition for heat for vaporiation and oxygen for
combustion [ll]. Thus by comparing the burning rates of isolated
droplets with the burning rates of clusters of droplets, one can deter-
mine an efficiency factor which can be used in spray combustion
modeling. Vaporization studies, which are useful in spray combustion

models, can be conducted in the droplet burning apparatus.

Ignition delay time: The ignition delay time is the result of
droplet heating prior to ignition. The droplet burning time and the
ignition delay time determine the droplet lifetime, which directly
correlates with burning time in sprays.

Extinction of burning droplets: An important phenomenon in the
study of single droplet burning involves the phenomenon of extinction of
the burning droplet. Burning droplets are found to extinguish when a
critical “extinction™ diameter is attained. Extinction of a single

burning droplet occurs when heat 1s lost to the ambience more rapidly
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than it is generated in the flame zone. The extinction diameter is a
function of the local ambient oxygen concentration, fuel properties,
"dz“ burning rate, and transport coefficients (and pressure in non-
atmospheric burner applications). Because there is always a non-zero
extinction diameter, a finite amount of fuel will always escape the
flame environment. Thus, the extinction diameter is directly related to
DE for single drop studies. Sampling of the products at extinction
could provide useful insight into PIC formation. Chung and Law [i] were
able to experimentally determine the overall or global activation energy
of the burning of decane in air by measuring the droplet and flame
diameter at extinction, oxygen concentration at extinction, and the
G burning rate. Thus chemical kinetic information (global activation
energy) can also be obtained from studies of single droplet burning at
extinction.

Microexplosion of droplets: Microexplosion phenomenon can occur in
droplets of multi-component fuels with widely different vapor pressures.
The basic mechanism responsible for a microexplosion event 1is the
diffusional entrapment and volatilization of the lower boiling com-
ponents in the droplet’s inner core. The rapid boiling of the volatile
component in the droplet core causes the core to rupture and form very
small droplet fragments which are easily volatilized and burned [lO].
Present designs of spray systems emphasize the production of optimum
droplet size distributions such that the droplets are both large enough
for penetration into the combustor interior, and small enough for rapid
gasification. However, if microexplosions could be controlled to occur
after penetration had been achieved, then rapid gasification need not be

a primary concern in designing spray systems. In this manner, large

scale mixing can be achieved through spraying and penetration of large
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droplets, followed by essentially instantaneous gasification and local
mixing through microexplosion [ll]. Thus microexplosion phenomena, pro-
perly applied, might greatly improve the DE in HWI systems or minimize
potential effects of atomization failure. Conversely, waste mixtures
may alter the design droplet distribution and an understanding of this
process would also have utility.

Sampling of droplet combustion products: Because of the highly
cdntrolled conditions in the droplet combustor, sampling of combustion
products around individual droplets has been carried out to determine
sooting properties of certain fuels [15]. It is possible to use a simi-
lar apparatus to determine combustion products from burning droplets of
hazardous waste, which would then provide insight on PICs evolved from
the combustion of various hazardous wastes.

Ranking of incinerability: An alternative method of ranking inci-
nerability based on a combination of droplet burning rate, droplet
extinction diameter, and ignition delay time, could be useful in deter-
mining difficult to destroy hazardous wastes. The effect of fuel/waste
composition could readily be studied. Such studies applied to flame-
mode induced failures and combined with non-flame ranking schemes could
provide a firmer basis for selection of surrogate "spike™ compounds.

Thus, droplet burning studies could provide much useful information
on a fundamental level that may be used to better understand the
operation of full scale HWIS. The development of a laboratory scale
droplet combustion system would cost about $10,000, assuming plans were
available. Burning rate data and perhaps some extinction data could be

produced after about 6 months of full time laboratory work.
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Flame-Mode Global Kinetic Studies

Chemical kinetics plays an important role in much of the combustion-
phenomena relevant to HWI. Ignition extinction phenomenon, POHC, OE,
and PIC production are governed by chemical kinetics. Two important
classes of chemical kinetics that occur in HWI are flame-mode kinetics
and post-flame kinetics. The flame-mode kinetic studies govern the
behavior in the flame while the post-flame (or thermal decomposition)
kinetics describe the post-flame region in a combustor. Thus it is
important to develop a thorough understanding of both flame and post-
flame kinetic mechanisms that occur in the burning of HW in full scale
incinerators. Flame-mode kinetic studies are discussed in this section
and post-flame kinetic studies are presented in the following section.

Unfortunately, there have not been many flame-mode combustion kine-
tic studies of HWI to date. A flame-mode kinetics study of trich-
loroethylene (TCE) was performed by Bose and Senkan [l]. In this study,
a flat flame burner was utilized to determine stable species and tem-
perature concentration profiles associated with a TCE/air flame. Based
on the results of this study, a two-stage mechanism of the combustion of
chlorinated hydrocarbons was developed. Other kinetic studies involving
hazardous waste have been conducted wutilizing flame inhibitors
(brominated and chlorinated compounds). In general, kinetic data
availability is limited with respect to the variety of compounds and tem-
perature ranges. Therefore work on flame-mode decomposition of various
compbunds should be performed to provide more fundamental combustion
knowledge. Flame-mode chemical kinetic data could be utilized in the
development of global kinetic models for flame-mode decomposition of
selected POHC streams.

High temperature flame-mode global studies can be conducted using a
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flat flame burner in a laboratory. Fristrom and Westenberg [7] describe
an experimental methodology that is utilized for the determination of
the net reaction rate of any species in a flame. Stable species and
temperature profile data are collected and used to generate continuous
profiles utilizing numerical curve fitting routines. Species fluxes are
obtained from the first derivative of the continuous species profile.
Using the appropriate diffusion coefficients, species fluxes, and mass

average velocity, the net reaction rate Ky is determined according to:

‘ Povo dGl

1M,

1 dz

where:
K1 = net reaction rate of species 1, moles-cm's—s'l
Po = reactant density (g—cm-3i
Vg = reactant velocity (cm-s- )
M; - molecular weight of species 1 (g-gmol-l)

dGl
T species mass flux (em-1)

Because the determination of Gl involves the first derivative of the
experimentally determined species profile, K, is a function of the
second derivative of G, or experimental -species profile data.
Dependence on the second derivative of experimental data is a large and
unavoidable source of error, requiring highly refined sampling and che-
mical analysis techniques to obtain meaningful data Eﬂ.

To complete the model, one must assume a kinetic form. The

Arrhenius form is usually postulated. Global kinetic models (one-step)

are relatively simple while detailed kinetic models (multi-step) are

36



very complicated. If a single step, multi-component model is used we

have:

a*[poHc] + o*[oxipant] — [PrRoDUCTS]

K - [Poricl ax [oxzoent] brarexp e _/RT]

POHC ~

In this mode, there are four unknowns (a,b,A,Ea) and three pieces of
experimental data required (DPOHC], [OXIDANTJ, T). Thus to solve for
the unknowns, a minimum of four sets of experimental flame data
(obtained by varying either temperature, pressure, or mixture com-
position) are required. Using the values of a, b, A, and E determined
experimentally, one can predict KPOHC given T and the initial con-
centrations. It must be emphasized that the model determined above is
correct only if the reaction mechanism chosen (single or multi-step) is
correct. Thus if a multi-step reaction mechanism is proposed, the
number of sets of flame data needed to determine the constants increases
dramatically.

An apparatus that can be used for studying diffusion and premixed
flames is an opposed-jet burner. A schematic diagram of a typical
opposed jet burner is presented in Figure 4. Streams of fuel and oxi-
dizer are introduced in opposed and balanced streams. Because the
burned gases leave the system radially, the burner axis is usually
oriented vertically to preserve the symmetry of the flame. Excellent
flat flames can be obtained using an opposed-jet burner if uniform velo-
city streams are employed [7].

Although opposed-jet diffusion burners are not as common as other
experimental burners, they are certainly not a unique or unusual appara-
tus in combustion research laboratories. Costs for construction of an

opposed jet burner vary widely with machine shop costs and availability.
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Figure 4. Opposed-jet diffusion flame burner (14), obtained from 7).
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However, it is estimated that an entire opposed-jet diffusion burner
system could be constructed for about $10,000, excluding all sample ana-
lysis equipment. Because these studies require very sophisticated
sampling techniques, it is estimated that 1-2 years would be needed to
develop sufficient skill to generate good flame structure data. It must
be emphasized that the results from this study cannot be used to predict
global DE in full scale combustors because transport properties are not
considered. However, flame-mode chemical kinetic data may provide an
additional, complementary ranking methodology to those proposed pre-

viously.

Non-Flame Thermal Decomposition Studies

Non-flame thermal decomposition studies have been used to deter-
mine decomposition profiles of many POHCs under a variety of conditions.
Work in this area is being carried out by Dellinger et al. [6] and Lee
et al. [12]. The major difference between flame and post-flame reac-
tions involves the presence of radicals (e.g., 0, H, OH) in flames. In
the post-flame region of the incinerator, these radicals are present at
greatly reduced concentrations and thus collisions of energetic molecu-
les govern decomposition rates of POHCs. The results of non-flame stu-
dies describe, to a certain extent, what occurs in the post-flame region
of a combustor.

It has been argued by Dellinger et. al. [5] that an incinerability
ranking scheme based on non-flame thermal decomposition data is highly
relevant to monitoring of full scale combustors. It is clear that any
POHC not destroying in the flame zone will be destroyed in the post
flame region of the combustor to some extent. If the flame-mode DE of

all compounds were equally high in a given test, say 99.999% or higher,
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one can infer that an overall DE of less than 99.999% means that part
of the fuel did not experience the flame environment and was instead
governed by post-flame destruction mechanisms. It is therefore proposed
that because all compounds are destroyed with very high efficiency in
the flame environment, the most relevant incinerability ranking system
is one that predicts thermal stability in the post-flame environment.

The experimental apparatus used by Dellinger et al. &ﬂ to generate
non-flame thermal decompositon data consists of a thermal decomposition
unit and an in-line GC. The sample is introduced into the system and
gradually vaporized in a dry flowing gas stream (e.g., nitrogen, air, or
nitrogen/oxygen mixtures). The vaporized sample passes through a
controlled high-temperature tubular reactor where it undergoes thermal
decomposition. The products evolved from the thermal decomposition of
the compound and the remaining parent compound are swept into a high-
resolution GC fof analysis. The sample insertion chamber, the reactor,
and the entire transport system are fabricated of fused quartz to mini-
mize interaction with the sample.

The data resulting from this work are thermal decomposition profiles
showing DE versus temperature for various residence times. Thus T99(t)
represents the temperature at which 99% DE is achieved with a residence
time of "t" seconds. A table of results from thermal decomposition stu-
dies of various hazardous wastes 1is presented in Table 3. The EPA has
funded research in this area and has acquired such a unit at its

Hazardous Waste Engineering Research Laboratory in Cinncinati.

Exposure Chamber for Test Methods Development
One of the most important goals for CARB’s hazardous waste incinera-

tion testing program is the develgpment of a facility for test methods
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development. It is critical to have confidence in both the sampling
methods and the analysis procedures. An experimental exposure chamber
has been developed by Battelle’s Columbus Laboratories Dﬂ which may
have desirable features for CARB’s hazardous waste program goals.

The hot gas spiking system developed by Battelle Columbus was
designed to test the recovery of low levels of 1,2,3,4-TCDD using both a
SASS train and a modified Method 5 train. Analysis of the TCDD reco-
vered was performed by high resolution GCMS. Thus the goal of this
study was to determine the efficiency of collection and retention of low
levels of dioxins from combustion effluents.

A pilot plant furnace was used to generate the simulated incinerator
flue gas. A low flow rate pump was used to inject a solution containing
TCDD into a slip stream of the flue gas where the gas temperature was
approximately 260°C. Downstream of the spike injection point, the flue
gases were sampled. To prevent emissions of TCDD into the atmosphere, a
charcoal canister was used to collect any TCDD that may have escaped the
sample trains. A schematic diagram of the system is presented in Figure
5. A summary of the TCOD recoveries from this system is presented in
Table 4. These data are provided simply as an indication of the type of
information that can be generated using a simulation chamber, such as
problems with method recovery efficiency. The recovery efficiencies
were fair, varying between 73 to 117% for the SASS train and between 101
to 229% for the MM5 train. The outlying point in the MM5 study would
suggest that identification of the source of uncertainty and its correc-
tion be undertaken. It would not be possible to obtain this type of
information from field data.

A system similar to Battelle Columbus’ design could be very useful

to CARB. The authors noted that this spiking system could be used to
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Figure 5. TCDD spike injection and sampling apparatus (4).
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spike a variety of 1liquid chemicals into a hot flue gas stream for
generation of a stream of a known concentration. Such a system could
also be used to examine the effects of specific combustion gases and
particles on sampling train components (such as the resin trap). and
other sources of sampling errors. Based on discussions with Dr. Fred
DeRoos at Battelle Columbus, a basic spiking system similar to that
described above could be put together for about $2000 and could be
operated and maintained by CARB technicians. Test atmosphere generators
for specific compounds are estimated to cost about the same magnitude to
construct (about $2000), and with development costs of about five times

that amount (about $10,000 each).

V. CONCLUSIONS, RECOMMENDATIONS, AND FUTURE RESEARCH NEEDS
The purpose of this study has been to examine research options that

CARB can utilize to improve the efficiency and lower the cost of con-

ducting full scale hazardous waste evaluation tests. Specific studies

- of interest to CARB are:

1) development and testing of sampling methods for incineration
studies,

2) evaluation of the feasibility of using surrogate hazardous waste
compounds in incinerator studies, and if feasible, determination
of surrogate compounds which best represent complete combustion
of the hazardous waste,

3) assessment of the influence of incinerator failure conditions on
the DRE of hazardous compounds,

4) PIC studies and the effect of mixing of fuels on emissions,
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5) determination of significant operational parameters such as
minimum temperature, residence time, oxygen concentration, for
effective POHC DE.

Based on the above goals, this feasibility study has discussed what can
be accomplished with pilot and laboratory scale studies, the feasibility
of renting time on existing pilot scale incinerators, and the feasibi-
lity of CARB building and operating its own pilot scale incinerator.
Specific conclusions, recommendations, and future research needs are

presented below.

Conclusions

The HWI experimental program contemplated by CARB can be developed
at the pilot or laboratory scale. A pilot scale program could be deve-
loped to model, to some degree, the processes that occur in a full scale
combustor. Although quantitative prediction of POHC DE and PIC con-
centrations is not possible on scaled down versions of full sized HWIs,
valuable information can still be obtained from pilot scale studies. It
is generally accepted that if quantitative predictions are desired from
pilot scale studies, combustion units rated at about 1 MMBtu/hr or
larger will do a better job than smaller sized units. To date, pilot
scale tests have been conducted to determine flame-mode incinerability
rankings, to investigate surrogates as a predictive methodology for POHC
DE and PIC emissions, and to determine failure-mode effects on DE and
PIC emissions.

The goal of laboratory HWI studies is to isolate and understand one
aspect of a given HWI process. The fundamental information obtained
from laboratory studies is used to better understand the performance of

full scale HWIs. HWI laboratory studies involving combustion of single
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droplets, flame-mode kinetic studies, non-flame thermal decompositibn
studies, and development of a HWI exposure chamber all have merit.

To develop a HWI experimental program at the pilot scale, CARB has a
humber of options. It may rent time on existing combustion units or
construct its own pilot scale combustion facility. To evaluate HWI
facilities on which CARB could rent time, a questionnaire was sent to
various companies doing HWI research. Information on seven different
CUs capable of performing HWI tests was obtained. The data collected
and summarized in Table 1, provide a range of incinerator types, sizes,
capabilities, and costs. For example, five of the CUs surveyed were
liquid injection units, one was a circulating bed unit, and one was a
simulated rotary kiln. The range of firing rates burning No. 2 fuel
oil, varied between 30 to 2500 KBtu/hr. The rental cost for one week of
testing ranged from about $6000 to $60,000 per week. With the infor-
mation provided in Table 1, CARB can evaluate the capabilities and costs
of performing pilot scale experiments with a variety of different fuels.

Designs, specifications, and costs for three different HWI pilot
scale systems were submitted to evaluate the feasibility of CARB’s
building and maintaining its own pilot scale combustion facility. Two
of the CU designs submitted were liquid injection types and one was a
circulating bed type unit. All of the CUs surveyed reported capabili-
ties of burning slurry fuels while one noted the ability of burning
chunks of fuel up to 1" in size. The range in costs for turn-key
installation was quite large ranging from $65,000 to $600,000. The time
to complete the design, construction, installation, and shake-down
testing varied between 4 and 12 months. The importance of obtaining
permits for test burns of HW was also noted in the surveys submitted.

Although a written survey was not conducted to evaluate laboratory
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HW combustion units, a brief review of current combustion literature was
conducted on single droplet combustion, flame-mode kinetic studies, non-
flame thermal decomposition studies, and the development of a HWI expo-
sure chamber.

Single droplet burning studies can provide information on burning
and vaporization rates, ignition time delay, droplet extinction, and
phenomena associated with "Microexplosions™. Utilizing the information
generated by research on burning single droplets of HW, an alternative
incinerability ranking system might be developed. Because droplet
vaporization and burning are central processes in liquid spray com-
bustion systems, an incinerability ranking system based on droplet
burning rates may be a method of approaching flame failure modes which
would be superior to those previously suggested and which can be used in
conjunction with a non-flame incinerability scale such as proposed by
Dellinger [5].

Ignition/extinction phenomena, POHC DE, and PIC production are
important phenomena in HW combustion that are governed by flame-mode
kinetics. Global flame-mode kinetic studies can be conducted by uti-
lizing an opposed-jet diffusion flame burner. However, because of the
severe sensitivity of the global rate constant on the kinetic data
experimentally generated, sophisticated sampling and analysis techniques
must be developed and employed.

Non-flame thermal decomposition studies have been shown to describe
POHC destruction in the post-flame region of an incinerator. An experi-
mental apparatus consisting of a thermal decomposition unit and an in-
line GC has been used to generate thermal decomposition profiles of
several different hazardous wastes. Using this information, a non-flame

residence time needed to achieve a given DE at a given temperature can
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be determined. The EPA has funded such research in the past and has
acquired such a unit for its in-house research program.

An experimental exposure chamber has been used for TCDD test method
development. A similar apparatus may also prove useful for CARB’s
methods development. A pilot plant furnace can be used to generate com-
bustion gases and a sample of waste can be injected into a slip-stream
of the flue gas, then analyzed. SASS train and MM5 trains have been used
to collect TCOD with such a chamber and the data used to demonstrate

good overall recoveries reported.

Recommendations
Based on the information presented above and discussions with
experts in the field of hazardous waste combustion, the following recom-

mendations are presented.

1. The CARB should not purchase and operate its own pilot scale HWI
because of the high initial cost of such a unit, the high level of
maintenance and support costs, and the requirement for full-time
skilled combustion personnel for generation of combustion data. An
initial cost of at least $65,000 and a period of four months would
be needed just to obtain the pilot scale unit. Not included in this
estimate are site preparation, analytical equipment, and salary for
at least one full time operator (BS level engineer). Although this
recommendation eliminates the possibility of CARB operating the CU
on its own schedule, the sophisticated and dedicated research effort
required for operation of a pilot scale CuU may be beyond CARB’s

capabilities at this time without major resource commitments.

2. To conduct tests on pilot scale incinerators, CARB should consider
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contracting for use of pilot scale HWIs owned and operated by pri-
vate firms engaged in combustion research. Because of the sophisti-
cated nature of combustion testing, the operations of the combustor
should be carried out by experienced personnel. On-site tests are
sufficiently difficult without the added burden of having to operate
the CU. Renting time on existing pilot scale HWIs, as opposed to
purchasing and operating a HWI, permits the option of conducting
tests on different pilot scale HWI configurations (liquid injectioh,
rotary-kiln, circulating-bed). Because of the companies’ previous
combustion experience with their CU, the behavior of the CU under
standard combustion conditions is probably well known. Thus pertur-
bations from standard conditions due to the combustion of HW and the
Cu‘may be more readily recognized. The drawbacks to this recommen-
dation include the need to coordinate a test schedule (several
months lead time would normally be required) with many of the
logistical problems associated with actual field tests, and the
additional costs associated with a test crew leaving the Sacramento
area. It should be noted that renting time on a pilot scale CU is
not a requisite for many of CARBs test methods development needs
(see recommendation #4 below). Pilot scale tests that are feasible
for CARB to conduct by renting time on one of the existing pilot

scale CU mentioned earlier are:

1) to test the effect of various failure conditions on POHC DE
and PIC formation for various liquid wastes of interest,
2) to determine the effectiveness of microexplosion on reducing

POHC penetration and PIC formation,
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3) to measure the POHC DE and PIC formation of various solid

slurries.

Laboratory studies of single droplet combustion and flame-mode che-
mical kinetics should be pursued. Both of these studies could pro-
vide immediate information which may help explain the behavior of HW
in full scalevincinerators and could be carried out by a contractor
or a CARB operated combustion laboratory. Single droplet combustion
studies could vyield much valuable information relevant to
understanding the operation of full scale HWIs. Despite only a
modest capital investment ($10,000), single droplet combustion stu-
dies provide information on: a) burning rates of fuel and fuel mix-
tures, b) ignition and extinction parameters, c) the effect of
droplet microexplosion on POHC DE and PIC formation. Extinction
studies are particularly relevant to POHC DE and PIC formation stu-
dies. At extinction, there is always a finite amount of fuel that
escapes the flame environment, which must be destroyed in the rela-
tively cool post-flame zone. Thus sampling of PICs at extinction
would complement pilot scale PIC studies as well as the non-flame
thermal decomposition studies. Because droplet combustion studies
are conducted at the laboratory scale, many fuels and fuel mixtures
may be studied relatively easily. In addition, the results from
single droplet studies could be used to develop an incinerability
ranking scale. Because single droplet combustion involves both
transport processes (diffusion) and chemistry (in extinction stu-
dies) the single droplet incinerability ranking scale may be an
improvement over existing incinmerability ranking scales, which for

the most part are based only in the chemistry of combustion (e.g.
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theoretical flame mode kinetics, non-flame thermal decomposition).
Flame-mode combustion studies of HWs would provide details on the
flame structures and kimetic pathways of combustion, and could be
utilized to conduct detailed PIC studies. Studies involving non-
flame thermal decomposition of HW could be coordinated with existing
facilities such as the EPA’s Hazardous Waste Engineering Research
Laboratory, Cincinnati or contracted with a laboratory such as the

Dayton Research Institute.

For test methods development and practice, an HW eiposure chamber
should be developed instead of a pilot scale incinerator. Because
this is a laboratory scale device, a HW exposure chamber could be
installed in existing CARB laboratories or at a rented facility.
After having obtained a waste injection system (by contracting out
For its development or purchase), the remainder of the system is
relatively simple and can be maintained and operated by CARB test
engineers and technicians. Specific injection systems for wastes or
their flue gas components can be designed and constructed as needed.
Such a system could provide information on effects of flue gas com-
position on sampling efficiency, recovery, precision and accuracy
not otherwise available from field tests. Problems could be unco-

vered before costly tests are undertaken in the field.

Future Research Needs

During the course of this and related studies sponsored by the CARB,

we have become aware of several research needs in the field of hazardous

waste incineration. Although these were not directly the subject of

this report, they are included below for information purposes as CARB’s

incineration research program is formulated.
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Almost all of the fundamental research on hazardous waste incinera-
tion has been directed toward liquid injection systems thus far. A
long term research program on the combustion behavior of slurries
and solid wastes should be initiated. Such a program could be
started by studying the slurries fed to liquid injection systems.
Work in understanding mechanisms involved in municipal solid waste
incineration systems (MSWIs) should also be a research priority.
Several California Municipalities have either begun construction or
have plans on the drawing boards for MSWIs. The recent test series
completed by the CARB on pilot and full-scale HWIs indicated low
levels of POHC and PIC penetration. We believe that there is evi-
dence in the literature indicating that municipal waste incinerators
will have higher total emissions of POHCs and PICs of public con-
cern. The development of solid-phase surrogate "spike" compounds,
such as organically treated vermiculite, might be of value in future
evaluation of full scale MSWIS, in analogy to the current "spiked

soups”™ used in liquid injection incinerator tests.

We believe industry will continue to find alternative methods for
recovering energy from more concentrated and higher heating value
organic wastes. CARB should probably concentrate its attention on
determining the combustion behavior of lower heating value wastes,
especially the behavior of aqueous mixtures. We have seen little
in the 1literature to suggest that there is any significant

understanding of combustion of this type of waste.
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COLLECE OF ENGINEERING DAV1S, CALIFORNIA 95616

DEPARTMENT OF CIVIL ENCINEERING

Sample of cover letter for the questionnaire.

The California Air Resources Board (CARB) is charged with assisting
the Department of Health Services (DOHS) and local air pollution econtrol
districts (APCDs) in evaluating applications to burn hazardous wastes in
a variety of incinerators. As a result, CARB evaluates a variety of
incinerators which burn numerous types of hazardous waste. These eval-
uvation tests typically involve determining the destruction and removal
efficiency (DRE) of the incinerator for select compounds, as well as
determining the emissions for certain products of incomplete combustion
(PIC). Because of the concern about protecting public health from the
emission of toxic compounds into the atmosphere, these tests are labor
intensive and expensive. A private company can spend $500,000 for one
complete test evaluation. As a result any unanticipated problems at the
test site or with the sampling and analytical methods could cause costly
delays or require further testing.

To improve the efficiency of conducting these tests and to lower
costs, it is desirable to determine and ecorrect any problems with pro-
posed sampling and analytical procedures before CARB site tests are con-
ducted. As a consequence, the CARB would like to develop an
experimental program to study hazardous waste incineration. The
following goals have been set:

1. To develop and test sampling and collection methods for incineration studies.
2. To perform studies of products of incomplete combustion
3. To study the effect of mixing of fuels on emissions,

4. To evaluate ‘the feasibility of using surrogate hazardous waste com-
pounds in incinerator studies.

5. To study the influence of various "failure conditions” on the DRE of
hazardous compounds.

6. To determine the significant operational parameters such as minimum

temperature, residence time, oxyvgen concentration, ete., for effec-
tive destruction of hazardous compounds.
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Page 3

We appreciate your participation in this study. if eclarifieation
required please don't hesitate to contact us.

Sincerely,

Daniel P.Y. Chang
Associate Professor

Nelson W. Sorbo
Research Assistant

DPYC:NWS/geg

Enclosures
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PART I.
CARB's PILOT SCALE HAZARDOUS WASTE INCINERATOR PROGRAM GOALS

CARB would like to obtain a pilot scale incinerator that could be

used for combustion evaluation of hazardous wastes. A 1list of
desireable capabilities was provided to us and includes the following:

1.

7.

Fuel: The ability to burn gaseous, ligquid, or solid fuels. Types
of fuels expected to be burned are natural gas, fuel oil, coal,
liquid hazardous waste, solid hazardous waste, and reference com-
pounds such as hexachlorobenzene, and sulfur hexafluoride.

Fuel handling systems for all of the above.

Capability to withdraw at least 10 scfm from the exxhaust stream
for exhaust gas analysis equipment.

Capability to control residence time and temperature in the com-
bustion zone.

Capability to attach control equipment to exhaust stream. Possible
control equipment would include scrubbers, baghouse, or an after-
burner.

Capability of incinerator to destroy hazardous compounds generated
by other projects.

Use of the incinerator to produée hazardous gas mixtures in a cold
gas stream.

The incinerator would be used for the following types of studies:

1.

Feasibility of using surrogate compounds for hazardous waste inci-
neration studies.

Determining which emission components are the best indicators of
complete combustion.

Study sampling and collection methods for incineration studies.
Study the effect of mixing fuels on emissions.

Determination of minimum temperature and residence time for ef fec-
tive destruction of hazardous compounds.

Study the effects of various failure conditions on destruction
efficiency and products of incomplete combustion.
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PART II.

EVALUATION OF EXISTING PILOT SCALE INCINERATOR FACILITIES FOR
HAZARDOUS WASTE INCINERATION TRIAL BURNS BY CARB.

The purpose of this part of the evaluation is to give CARB an idea
as to the range of incineration studies which could be carried out by
renting time on existing pilot scale incinerators. To describe the
capabilities and features of your pilot scale incinerator(s) that may be
used by CARB for hazardous waste incineration tests, please complete the
following questionnaire with short answers. If the categories given do
‘not accurately or completely describe the capabilities of your facility,
please add the appropriate information. Please respond to these
questions based on the ability of your facilities to meet CARB’s goals
stated in Part I. If your company has multiple systems which CARB may
utilize, please complete a questionnaire for each system using the

enclosed additional pages.

The questionnaire should be answered based on the following sce-
nario:

CARB will provide all technical personnel and analytical sup-
port related to sampling, i.e., all sampling instruments and
analysis of all sample data. The contracting company will
provide: wuse of a combustion unit for one week with all per-
sonnel necessary for its operation, a fuel specified by CARB,
all data dealing with the operation of the combustion unit
(i.e., fuel rate, air rate, temperatures, flame temperature,
burner settings, etc.), necessary approvals from local agen-
cies to conduct the test burns.
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PART II. - QUESTIONNAIRE

Name of Company

Name of Combustion Unit

1. Range of firing rates of the pilot scalz combustion unit (Ccu) for &
nominal No. 2 fuel oil.

)

2. Corresgonaing aporoximate exhaust gas flcwrate.

3. For liquid fuels, what is the rsnge of fuel viscosities that can te
fireqa?

4. Can a tracer Ggas such as SFé be cantinugusly injected into t
liguid fuel stream (approximately 0.2 ml SF6 per liter of fuel
1f SF6 cannot be injected into rhe liquic fuel stream directly, 2

there possibilities of injection near the burner?

he
?

s. Are ports availsble for flame temperature determination using opti-
cal pyrometry? suction pyrometry? Do you routinely measure the
fkéme temperature in the CU? Wwhat technigue 1s used?
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Can flame impingement on a cold surface be simulated? Please
describe. Can a cold wall guench be simulated? If so, please

describe the placement of the guenching wall and how the cold wall
is cooled?

7. Can the injection of the combustion air

be staged for this CU?
Please describe. ‘

8. What is the range of swirl numbers available on the CU burner for
combustion of a nominal No. 2 fuel o0il?
9. Could a failure of the CU burner atomizer be simulated? Please
describe.
10.

Can the temperature history of the gases in the post flame region
be obtained?
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11.

12.

13.

14.

15.

16.

Is wall temperature data available.?

Is it possible to change the volume of the CU by bolting on
another section? How long would it take to change the CU volume?
By what percentage can the original volume of the CU be changed by
the bolt-on section(s). %

How many ports are available for sampling along the post flame
region?

Please describe data gathering/analysis capabilities that are
available for CU tests (real time temperatures/flow/gas con-
centration information, computer plots, statistical information,
etc. ).

Is there a computer model for this CU available? What parameters -
can be modeled?

Are burners that simultaneously inject both liquid waste and
gaseous fuels available for the CU?
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17.

181

Is a gas burner available for the Cu?

The following relate to combustion of solids in the CU. For this
CU, are burners available for combustion of liquid slurries con-
taining solids, e.g., can the EPA soups containing kitty litter be
combusted? What solids and liquids have been tested? Wwhat is the
maximum permissible size of solids?
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19.

Please estimate the cost charged to CARB to run a test for one week
(Monday to Friday). Assume: a) a practice run on Monday after-
noon, 4 days of tests, b) one contractor supplied ligquid fuel
(specified by CARB) will be used during the entire week, c) the
following failure conditions will be simulated (if possible): ato-
mizer failure, wall or flame impingment guench, high.excess air,
low excess air, d) SFé injection will be performed during all
tests, (CARB will supply all personnel for analysis and monitoring
of SF6 test, contractor will provide an injection port into fuel
line), e) contracting company must provide: the use of a CU with
all necessary personnel for its operation, all process information
(rates, temperatures, flame temperatures, concentrations, etc.),
and access to CARB for a stack test. Assume that CARB will gather
samples during regular working hours only.
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PART III.

CARB PILOT SCALE INCINERATOR

CARB would like to obtain a small scale combustion unit (CU) that
can be used for evaluation of hazardous waste combustion. The CU should
have the following capabilities:

1. Nominally rated at 70 te 150 kBTU/hr for a Ne. 2 fuel oil.
2. Burner with the following capabilities:

a. to burn liquid fuels within a range of viscosities (No. 2 fuel oil
to toluene) '

b. to burn slurry fuels
c. to allow for variation of swirl number

3. CU design to allow for testing of the following failure conditions:
low excess air, high excess air, wall quench, atomizer failure.

4. Modular design so that thé combustion volume can be changed by
bolting on another section.

5. All controls and appurtences necessary for operation and monitoring
(including burner with controls, compressors, gauges, fuel moni-
toring controls, furnace shell with ports for samples, ther-
mocouples for wall and combustion product temperature profiles,
port for flame temperature measurement ) except for gas analysis and
data acquisition equipment.

6. A port for the injection of SFé into the fuel stream.

7. An afterburner section downstream of the final sample port. This
is needed to assure complete destruction of all hazardous products
present in the combustion gases, independent of the operation of
the CU.

8. "Turn-key" installation.

9. Operator training.

Based on the criteria presented above, summarize in a general way
the CU that you can provide that can meet most of CARB's desires.
Please include an estimate of the uncertainty of the cost estimate.
Also include an estimate of the delivery time for design, construction,
installation, and shake-down testing.
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APPENDIX B

Responses to Part II of Questionnaire:
Evaluation of Existing Pilot Scale Incinerators
for Hazardous Work Incineration Trial Burns by CARB
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PART II. - QUESTIONNAIRE

Nahe of Company ,

Name of Combustion Unit

CU-A

Range of firing rates of the pilot scale ‘combustion unit (CU) for a
nominal No. 2 fuel oil.

250,000 - 2,000,000 Btu/hr

Corresponding approximate exhaust gas flowrate.
50 - 350 SCFM

For liquid fuels, what is the range of fuel viscosities that can be
fired?

From very thin solvents to thick viscous sludges

Can a tracer gas such as SF6 be continuously injected into the
liquid fuel stream (approximately 0.2 ml SFé per liter of fuel)?
If SF6 cannot be injected into the ligquid fuel stream directly,-are
there possibilities of injection near the burner?

Yes - either Into the liquid or into the burner.

Are ports available for flame temperature determination using opti-
cal pyrometry? suction pyrometry? Oo you routinely measure the
flame temperature in the CU? What technique is used?

Temperatures are extremely uniform and are normally
maintained in the range of 1400°F-1800°F.

Precise measurement is accomplished using Type K
thermocouples at over 20 elevations. There is no
flame so flame pyrametry is not needed.
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10.

Can flame impingement on a cold surface be simulated? Please
describe. Can a cold wall quench be simulated? If so, please
describe the placement of the quenching wall and how the cold wall
is cooled?

Bayonet coolers are inserted into the combustion
chamber to remove heat of combustion. They
operate below 1509F, thus giving a cold wall
surface. Please note that the high degree of
turbulent mixing in a circulating bed eliminates
the effects of a cold surface.

Can the injection of the combustion air be staged for this CU?
Please describe.

Five levels of staged combustion air are installed
and can be modulated during tests to optimize
emissions.

What is the range of swirl numbers available on the CU burner for
combustion of a nominal No. 2 fuel 0il?

No swirl = liquid fuels are fed through an open pipe.

Could a failure of the CU burner atomizer be simulated? Please
describe. _
The unit is operated without any atomizers, even
with liquids of a wide variety of viscosities.
The high degree of turbulent mixing eliminates
any requirement for an atomizer.

4

Can the temperature history of the gases in the post flame region
be obtained?

There are 20 temperature measurements between the
combustor and the exhaust stack.
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11.

12.

. 13.

la.

15.

16.

Is wall temperature data available.? Yes - the refractory walls and
the outer metal shell are well instrumented.

Is it possible to change the volume of the CU by baolting on
another section? How long would it take to change the CU volume?
By what percentage can the original volume of the CU bte changed by

the bolt-on section(s).

Yes, it would take a few days to add or subtract
combustion chamber spool pieces. Each one adds
or subtracts 1/2 second of residence time.

Mow many ports are available for sampling along the post flame
region? :
5-10 with a minimum of adaptation.

Please describe data gathering/analysis capabilities that are
available for CU tests (real time temperatures/flow/gas con-
centration information, computer plots, statistical information,
etc. ).
A full range of temperatures, flow rates, pressures,
and flue gas compositions are monitored and displayed
on a real time basis. All data is also routed .to a
continuous data logger and is computer plotted -and
manipulated for correlations after the test.

Is there a computer model for this CU available? What parameters
can be modeled? The incinerator operates at such extremely even tem-
peratures and with such high turbulence that the performance reduces
to simple oxidation kinetics. Other incinerators require numerical
models to account for wide swings. in temperature and lack of proper
mixing. Regression analysis of data correlations by UC-Davis have
verified these facts in finding that data from circulating bed
incinerators has a remarkably high level of correlation.

Are burners that simultanecusly inject both liquid waste and
gaseous fuels available for the CU?

This is done routinely.
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17.

18.

Is a gas burner available for the CU?

Yes.

The following relate to combustion of solids in the CU. For this
CU, are burners available for combustion of liquid slurries con-
taining solids, e.g., can the EPA soups containing kitty litter be
combusted? What solids and liquids have been tested? What is the
maximum permissible size of solids?

Solids up to 1' are routinely processed. Slurries
are also routinely processed. A partial list of
materials previously tested is attached.
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19.

Please estimate the cost charged to CARB to run a test for one week
(Monday to Friday). Assume: a) a practice run on Monday after-
noon, &4 days of tests, b) one contractor supplied liquid fuel
(specified by CARB) will be used during the entire week, c) the
following failure conditions will be simulated (if possible): ato-
mizer failure, wall or flame impingment quench, high .excess air,
low excess air, d) SF6 injection will be performed during all
tests, (CARB will-supply all personnel for analysis and monitoring
of SF6 test, contractor will provide an injection port into fuel
line), e) contracting company must provide: the use of a CU with
all necessary personnel for its operation, all process information
(rates, temperatures, flame temperatures, concentrations, etc.),
and access to CARB for a stack test. Assume that CARB will gather
samples during regular working hours only. -

~ $60,000

Please note: that the possession of US-EPA permits Is a crucial
factor in your evaluation. The facility selected should have
already submitted and be at least close to receiving permission

for a trial burn for RCRA (hazardous) and TSCA (toxic) type wastes,
otherwise it is unlikely that waivers from US-EPA or CAL-DHS will
be granted - even for government sponsored research.

GA plans for their RCRA and TSCA trial burns to be done in April
and May of 1985.
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PART II. - QUESTIONNAIRE

'
.3

NAME OF COMPANY

NAME OF COMBUSTION UNIT CU-B

1. RANGE OF FIRING RATES OF THE PILOT SCALE COMBUSTION UNIT (CU)
FOR A NOMINAL NO. 2 FUEL OIL.

.8 - 2.5 Million Btu/Hr

2. CORRESPONDING APPROXIMATE EXHAUST GAS FLOWRATE.

150 - 550 SCFM (depends gn excess air; exhaust gas flowrate
is about 165 SCFM per 10° Btu/hr heat input at 0% exhaust
0, for No 2 fuel o0il)

3. FOR LIQUID FUELS, WHAT IS THE RANGE OF FUEL VISCOSITIES THAT
CAN BE FIRED? '

30 - 900 SSU @ 100°F. The heavier fuel 0il must be heated
to achieve a fuel viscosity in the range of 30 to 100 SSU.
The facility has the equipment to heat these fuels.

4. CAN A TRACER GAS SUCH AS SF6 BE CONTINUOUSLY INJECTED INTO
THE LIQUID FUEL STREAM (APPROXIMATELY 0.2 ML SF6 PER LITER
OF FUEL)? IF SF6 CANNOT BE INJECTED INTO THE LIQUID STREAM
DIRECTLY, ARE THERE POSSIBILITIES OF INJECTION NEAR THE
BURNER?

Injection either into the fuel 0il line or near the burner
is possible. Alternatively an air or steam atomized nozzle
can be used and the SF6 injected into this gas stream.
Another approach would be to use a dual fuel nozzle and
inject the SF6 into the gas nozzle when firing on liquid
fuels.

5. ARE PORTS AVAILABLE FOR FLAME TEMPERATURE DETERMINATION
USING OPTICAL PYROMETRY? SUCTION PYROMETRY? DO YOU
ROUTINELY MEASURE THE FLAME TEMPERATURE IN THE CU? WHAT
TECHNIQUE IS USED?

Eight 3" diameter ports and sixteen 1" diameter ports are
spaced along the length of the furnace on each of the side
walls. £Eight ports are spaced along the top wall as ill-
ustrated in the attached brochure. These can also be used for
optical or suction pyrometry. Both bare Pt-Pt/Rd (Type R)
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thermocouples and suction pyrometers are routinely utilized

" in the facility. When no cooling surface is installed in the
unit bare thermocouples yield results very close to suction
pyrometry.

6. ».CAN FLAME IMPINGEMENT ON A COLD SURFACE BE SIMULATED? PLEASE

DESCRIBE. CAN A COLD WALL QUENCH BE SIMULATED? IF S0,

PLEASE DESCRIBE THE PLACEMENT OF THE QUENCHING WALL AND HOW

THE COLD WALL IS COOLED. :

Yes to both. FEither water cooled or Therminol (100-500°F)
cooled panels have been utilized in the CU. These panels
may be fabricated with any surface area depending on the
requirement of the experiment and placed at any position
within the 33" diameter firebox. Generally a serpentine
pattern for the cooling path is chosen. The coolant
enters and exits through two or more of the numerous ports
Jocated along the length of the CU. Flame impingement is
simulated by placing the panel such that the flame can
strike the surface. Varying degrees of impingement can
also be achieved by changing the flame shape through swirl
or nozzle style. ‘

7.  CAN THE INJECTION OF THE COMBUSTION AIR BE STAGED FOR THIS
Cuz? PLEASE DESCRIBE.

Yes. Again the numerous ports can be used to inject
staging air into the CU. A movable manifold allows staged
air to be injected at any axial location along the CU. A
separate valve and orifice are used to control and measure
the staged air addition rate. This air is currently fed
using the burner air forced draft fan so it will have the
same temperature as the main combustion air. Preheat is
possible to about 600°F.

8. WHAT IS THE RANGE OF SWIRL NUMBERS AVAILABLE ON THE CU BURNER
FOR COMBUSTION OF A NOMINAL NO. 2 FUEL OIL?

An IFRF Type Variable Swirl Block Burner is used on this
facility. Swirl numbers as calculated by Beer & Chigier
(Combustion Thermodynamics) from O to 0.85 can be achieved.

9. COULD A FAILURE OF THE CU BURNER ATOMIZER BE SIMULATED?
PLEASE DESCRIBE.

If an air or steam atomized nozzle is utilized the easiest
way to simulate a failed nozzle is to reduce or turn off
the atomized air. With a pressure atomized nozzle an
oversized nozzle could be used to produce large fuel
droplets. Alternatively no nozzle or a rotating disk
burner could be utilized.
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10.

11.

12.

CAN THE TEMPERATURE HISTORY OF THE GASES IN THE POST FLAME

'REGION BE OBTAINED?

Yes; again access portsare available over the whole length
of the combustor and into the convection passages. Thermo-
couples or a suction pyrometer can be used at any of these
ports to obtain both radial and axil temperature

IS WALL TEMPERATURE DATA AVAILABLE?

Yes, there are type K thermocouples embedded in the walls
1" below the surface near the flame regions.

IS IT POSSIBLE TO CHANGE THE VOLUME OF THE CU BY BOLTING ON
ANOTHER SECTION? HOW LONG WOULD IT TAKE TO CHANGE THE CU
VOLUME? BY WHAT PERCENTAGE CAN THE ORIGINAL VOLUME OF THE
CU BE CHANGED BY THE BOLT-ON SECTION(S).

The facility is designed in sections to enable changes in

combustion volume. It would take approximately 1 week to

change this volume. Alternatively sampling could be made

along the length of the CU. The CU is made up of two

3' sections and two 2' sections. So the combustion volume
can be changed by about a factor of 5.

13. HOW MANY PORTS ARE AVAILABLE FOR SAMPLING ALONG THE POST

14,

FLAME REGION?

There are 24 ports along each side of the furnace for a
total of 48. 1In addition there are 8 ports on the top and
a 10" X 10" refractory plug in the 2' section.

PLEASE DESCRIBE DATA GATHERING/ANALYSIS CAPABILITIES THAT
ARE AVAILABLE FOR CU TESTS (REAL TIME TEMPERATURES/FLOW/GAS
CONCENTRATION INFORMATION, COMPUTER PLOTS, STATISTICAL IN-
FORMATION, ETC.).

Temperatures are monitored at a central thermocouple
readout. The main combustion air flow is monitored by

a hot wire type mass flow meter; staged air and
atomization air or steam is measured using orifices.
Continuous sampling for 0,, COp, CO, NO,, 505, and

TUHC (with an appropriate gas conditioning system) are also
available. Particulate sampling, modified Method 5 for
semivolatile organics and VOST trains for volatile
organics are also available. All data are collected man-
ually except for continuous strip charts of the emissiaons.
Data loggers are also available for extended tests. Apple
Computers are available for data analysis and plotting.
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15. .1S THERE A COMPUTER MODEL FOR THIS CU AVAILABLE? WHAT PAR-
AMETERS CAN BE MODELED?

Yes. This is primarily a heat transfer model of the” com-
bustor to predict temperature profiles as a function of
firing rate, excess air, fuels, and cooling surface avail-
able. Equilibrium combustion codes are also used to
predict specie concentrations as a function of temperature
& fuel composition. Kinetic codes are available to predict
gaseous specie concentration as a function of time.

‘-’"

16. ARE BURNERS THAT SIMULTANEOUSLY INJECT BOTH LIQUID WASTE AND
GASEQUS FUELS AVAILABLE FOR THE CU?

Dual fuel nozzles have been routinely employed in the IFRF
Burner.

17. IS A GAS BURNER AVAILABLE FOR THE CU?
Yes

18. THE FOLLOWING RELATE TO COMBUSTION OF SOLIDS IN THE CU. FOR
THIS CU, ARE BURNERS AVAILABLE FOR COMBUSTION OF LIQUID
SLURRIES CONTAINING SOLIDS, E.G., CAN THE EPA SOUP CONTAIN-
ING KITTY LITTER BE COMBUSTED? WHAT SOLIDS AND LIQUIDS HAVE
BEEN TESTED? . WHAT IS THE MAXIMUM PERMISSIBLE SIZE OF SOLIDS?

Sglids containing sturries can be handled as long as the
maximum particle size does not exceed the minimum orifice
size in either the nozzle or fuel delivery system. For
pressure atomized nozzles this is limited to about 100 y m.
Larger particles can be accomodated with air atomized
nozzles but is dependent on the nozzle design. The re-
sulting viscosity of the slurry must also be evaluated to
insure pumpability. It may be necessary to pulverize

large solids. Alternatively special slurry handling
systems could be developed and fabricated. However,
because of he horizontal orientations and low velocity of
the combustion products the maximum particle size that can
be injected into the facility without it falling to the
bottom is limited to about 200um. Coal-0il mixtures, of up
to 50% solids have been fired in this unit and a special
sTurry fuel handling system was developed for these tests.
The solids, however, were pulverized to 70% through 200 mesh
prior to mixing with the oil. With this particle size and
solids concentration, severe nozzle erosion and pump per-
formance problems were encountered.

Of course pulverized coal which is pnumatically transported
to the burner is routinely fired in this unit. Again the
coal grind is a standard utility grind of 70% through 200
mesh.
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19.

-

Both solid and liquid forms of solvent refined coal were
test fired in this facility. Special water cooled nozzles
were required to handle solid SRC to prevent melting and
coking. Some of the 1iquid forms required preheating to
ensure good atomization. Other liquids fired in this CU
include No. 2 fuel oil mixed with various hazardous compounds,
such as chlorobenzene, carbon tetrachloride, chloroform,
methylene chloride and dichloroethane with the hazardous
compounds not exceeding 10%. 1he purpose of these studies
was to study the thermal destruction of chlorinated wastes
by cofiring with conventional fuels. A synthetic waste
consisting of 70% methanol, 20% water, and 5% each of
methylene chloride, chloroform and chlorobenzene was also
tested in a study of various surrogates for DRE.

PLEASE ESTIMATE THE COST CHARGED TO CARB TO RUN A TEST FOR
ONE WEEK (MONDAY TO FRIDAY). ASSUME: a) A PRACTICE RUN ON
MONDAY AFTERNOON, 4 DAYS A TEST, b) ONE CONTRACTOR SUPPLIED
LIQUID FUEL (SPECIFIED BY CARB) WILL BE USED DURING THE
ENTIRE WEEK, c) THE FOLLOWING FAILURE CONDITIONS WILL BE

. SIMULATED (IF POSSIBLE): ATOMIZER FAILURE, WALL OR FLAME

IMPINGEMENT QUENCH, HIGH EXCESS AIR, LOW EXCESS AIR,
d) SF6 INJECTION WILL BE PERFORMED DURING ALL TESTS, (CARB

'WILL SUPPLY ALL PERSONNEL FOR ANALYSIS AND MONITORING OF SF6

TEST, CONTRACTOR WILL PROVIDE AN INJECTION PORT INTO FUEL LINE),
e) CONTRACTING COMPANY MUST PROVIDE: THE USE OF A CU WITH ALL.
NECESSARY PERSONNEL FOR ITS OPERATION, ALL PROCESS

INFORMATION (RATES, TEMPERATURES, FLAME TEMPERATURES, CON-
CENTRATIONS, ETC.), AND ACCESS TO CARB FOR STACK TEST.

ASSUME THAT CARB WILL GATHER SAMPLES DURING REGULAR WORKING
HOURS ONLY.

One week (5 working days) of testing will cost $10,500.

This includes one full time test engineer, one full time
and one half time facility technician, one half-time
facility supervising engineer, equipment use fees, and fuel.

This cost does not include expenditures for facility set-up
and preparation (e.g. installation of waterwall panels,
placement of staged air manifold, procuring test equipment
and fuel, developing a test plan). These costs are very
project specific, but are generally at least as much as
that noted above for actual testing.

Post test costs (data reporting, returning the facility

to an appropriate base configuration, etc.) are also not
included in the above, and can be as much as a single week
of testing.
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PART II. - QUESTIONNAIRE

Y
\

NAME OF COMPANY -
NAME OF COMBUSTION UNIT - cu-C

1. RANGE OF FIRING RATES OF THE PILOT SCALE COMBUSTION UNIT (Cu)
FOR A NOMINAL NO. 2 FUEL OIL.

30 - 100,000 Btu/Hr
2. CORRESPONDING APPROXIMATE EXHAUST GAS FLOWRATE.

6 - 30 SCFM (depending on excess air; exhaust gas flowrate
is about 16.5 SCFM at 0% percent exhaust 0, per 100,000
Btu/Hr heat input for No. 2 fuel.oil).

3. FOR LfQUID FUELS, WHAT IS THE RANGE OF FUEL VISCOSITIES THAT
CAN BE FIRED?

30 - 900 SSU @ 100°F. The heavier fuel oil must be heated
to achieve a fuel viscosity in the range of 30 - 100 SSU.
The facility has the equipment to heat these fuels.

4. CAN A TRACER GAS SUCH AS SF6-BE CONTINUOUSLY INJECTED INTO
THE LIQUID FUEL STREAM (APPROXIMATELY 0.2 ML SF6 PER LITER
OF FUEL)? IF SF6 CANNOT BE INJECTED INTO THE LIQUID STREAM
DIRECTLY, ARE THERE POSSIBILITIES OF INJECTION NEAR THE
BURNER?

Injection into the fuel o0il line or one of the

air streams is possible. An air or steam atomized nozzle
can also be used and the SF6 injected into the atomizing
gas. Alternatively a dual fuel nozzle can be used and
the SF6 can be injected into the gas nozzle when firing
on liquid fuels. '

5. ARE PORTS AVAILABLE FOR FLAME TEMPERATURE DETERMINATION
USING OPTICAL PYROMETRY? SUCTION PYROMETRY? - DO YOU
ROUTINELY MEASURE THE FLAME TEMPERATURE IN THE CU? WHAT
TECHNIQUE IS USED? ,

Ports are available over the whole length of the 8"

diameter combustion chamber for temperature measurements

or sampling. Although bare (type R, (Pt/Pt/Rd))thermocoup]es

are routinely used for temperature measurement, an optical

or suction pyrometer could be used in the 1-1/2" diameter

access ports. With other combustion apparatus it has been

found that bare thermocouples yield results very close to a
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suction pyrometer when there is a hot refactory wall.

6. CAN FLAME IMPINGEMENT ON A COLD SURFACE BE SIMULATED? PLEASE
DESCRIBE. CAN A COLD WALL QUENCH BE SIMULATED? IF SO,
 PLEASE DESCRIBE THE PLACEMENT OF THE QUENCHING WALL AND HOW
%.THE COLD WALL IS COOLED. ' ' :

Yes, flame impingement on a cold surface can be simulated.
Water cooled tubes can be inserted in any of the 38 access
ports or a water cooled sleeve could be inserted into the
8" diameter combustion chamber. The cooled tubes can be
set either perpendicular or parallel to the main flow. A
closed loop Therminol system (100-500°F) for these cooling
surfaces could be assembled as well.

7. CAN THE INJECTION OF THE COMBUSTION AIR BE STAGED FOR THIS
Cu? PLEASE DESCRIBE.

Staged air can be injected into any of the 38 access ports
located along the length of the CU. Separate control and
measurement of these flows is possible. Different mixing
techniques are also possible. '

8. WHAT IS THE RANGE OF SWIRL NUMBERS AVAILABLE ON THE CU BURNER
FOR COMBUSTION OF A NOMINAL NO. 2 FUEL OIL?

A subscale dual register burner is normally used on this
facility. Therefore there are two concentric air passages
with independent control of swirl . The inner
passage can vary the swirl number from 0 to 22. The outer
swirl number can be varied from O to 0.4 (Beer and Chigier,
Combustion Thermodynamics). .

9. COULD A FAILURE OF THE CU BURNER ATOMIZER BE SIMULATED?
PLEASE DESCRIBE. ‘

If an air or steam atomized nozzle is used the failure

can be simulated by reducing or turning off the atomization
fluid. If the nozzle is a pressure atomized nozzle an
oversized nozzle could be used.

10. CAN THE TEMPERATURE HISTORY OF THE GASES IN THE POST FLAME
REGION BE OBTAINED? -

Yes ports are available along the entire length of the
combustion chamber. However, it should be noted that

this facility is designed to study the first 1-1/2 seconds
of combustion residence time. -

11. IS WALL TEMPERATURE DATA AVAILABLE?
Thermocouples can be embedded in refractory plugs to be in-

serted into the access ports. Currently there are no
embedded wall thermocouples.
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12.

' ahd :

13.

14.

15.

16.

17.

1S IT POSSIBLE TO CHANGE THE VOLUME OF THE CU BY BOLTING ON
ANOTHER SECTION? HOW LONG WOULD IT TAKE TO CHANGE THE cu

. VOLUME? BY WHAT PERCENTAGE CAN THE ORIGINAL VOLUME OF THE

CU BE CHANGED BY THE BOLT-ON SECTION(S).

Theoretically, the combustions volume could be charfged.
However, considerable modifications to the facility would
be required making it impractical to do so. Alternatively
sampling could be done within the combustion volume at
locations that represent various residence times. Resid-
ence times from a few milliseconds to about 1 second can be
accommodated. '

HOW MANY PORTS ARE AVAILABLE FOR SAMPLING ALONG THE POST
FLAME REGION?

‘There are 38 1-1/2" diameter ports spaced at 90%intervals
along every 6 inches of the combustor.

PLEASE DESCRIBE DATA GATHERING/ANALYSIS CAPABILITIES THAT
ARE AVAILABLE FOR CU TESTS (REAL TIME TEMPERATURES/FLOW/GAS
CONCENTRATION INFORMATION, COMPUTER PLOTS, STATISTICAL IN-
FORMATION, ETC.). ‘

A1l temperatures are monitored on a central digital read-
out with manual recording. Flows are measured with rota-
meter and also recorded manually. Continuous measurement
of 0,, €0y, CO, NO,, SO and TUHC is available and
moni%ored on strip chart recorders. Appie Computers are
available for data analysis and plotting.

IS THERE A COMPUTER MODEL FOR THIS CU AVAILABLE? WHAT PAR-
AMETERS CAN BE MODELED? '

Equilibrium and kinetic combustion codes are available to
predict gaseous specie concentrations as a function of
time.

ARE BURNERS THAT SIMULTANEOQUSLY INJECT BOTH LIQUID WASTE AND
GASEQOUS FUELS AVAILABLE FOR THE CU?

Dual fuel nozzles are easily employed in the dual register
burner.

IS A GAS BURNER AVAILABLE FOR THE CU?

Yes

80



18.

19.

-

THE FOLLOWING RELATE TO COMBUSTION OF SOLIDS IN THE CU. FOR

"THIS CU, ARE BURNERS AVAILABLE FOR COMBUSTION OF LIQUID

SLURRIES CONTAINING SOLIDS, E.G., CAN THE EPA SOUP CONTAIN-
ING KITTY LITTER BE COMBUSTED? WHAT SOLIDS AND LIQUIDS HAVE
BEEN TESTED? WHAT IS THE MAXIMUM PERMISSIBLE SIZE .OF SOLIDS?

Solids containing slurries can be handled as long as the
maximum particle size does not exceed the minimum opening
size in either the nozzle or fuel delivery system. The
resulting viscosity of the slurry must also be evaluated
to insure pumpability. It may be necessary 1o pulverize
any large solids. Alternatively special slurry handling
systems could be developed and built. The conventional
pressure atomized nozzle in this size range cannot tolerate
particles greater than about 100wm. Air atomized nozzles
could tolerate much larger particles. Because the unit is
vertically down fired most any particle size that can be
successfully passed through on atomized nozzle can be
tolerated in the furnace. However, if there are
significant quantities of large ash particles, provision
may have to be made for continuous removal of the bottom
ash. Other liquid compounds which have been fired in this
CU include heavy fuel oil, and various 1iquid forms of
solvent refined coal.

PLEASE ESTIMATE THE COST CHARGED TO CARB TO RUN A TEST FOR

ONE WEEK (MONDAY TO FRIDAY). ASSUME: a) A PRACTICE RUN ON
MONDAY AFTERNOON, 4 DAYS TESTS, b) ONE CONTRACTOR SUPPLIED
LIQUID FUEL (SPECIFIED BY CARB) WILL BE USED DURING THE
ENTIRE WEEK, c¢) THE FOLLOWING FAILURE CONDITIONS WILL BE
SIMULATED (IF POSSIBLE): ATOMIZER FAILURE, WALL OR FLAME
IMPINGEMENT QUENCH, HIGH EXCESS AIR, LOW EXCESS AIR, d)SF6
INJECTION WILL BE PERFORMED DURING ALL TESTS, (CARB WILL
SUPPLY ALL PERSONNEL FOR ANALYSIS AND MONITORING OF SF6 TEST,
CONTRACTOR WILL PROVIDE AN INJECTION PORT INTO FUEL LINE),

e) CONTRACTING COMPANY MUST PROVIDE: THE USE OF A CU WITH ALL
NECESSARY PERSONNEL FOR ITS OPERATION, ALL PROCESS
INFORMATION (RATES, TEMPERATURES, FLAME TEMPERATURES, CON-
CENTRATIONS, ETC.), AND ACCESS TO CARB FOR A STACK TEST.
ASSUME THAT CARB WILL GATHER SAMPLES DURING REGULAR WORKING
HOURS QONLY.

One week (5 working days) of testing will cost $6500.00.
This includes one half-time test engineer, one full-time
test technician, appropriate supervising engineering effort,
equipment use fee, and fuel.

This cost does not include expénditure for facility setup
and preparation {(e.g. installation of quenching surfaces,
placement of staged air manifold, procuring test equip-
ment and fuel, developing a test plan). These costs are
very project specific but are generally at least as much
as that noted above for actual testing.
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Post test costs (data reporting, returning the facility
to an appropriate base configuration, etc.) are also not
included in the above, and can be as much as a singtle
week of testing.
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PART II. - QUESTIONNAIRE

Name of Company

Name of Combustion Unit

CU-D

Range of firing rates of the pilot scale combustion unit (CU) for a
nominal No. 2 fuel oil.

40-150 kBtu/hr

Corresponding approximate exhaust gas flowrate.
1-40 scfm (wet basis).

For liquid fuels, what is the range of fuel viscosities that can be
fired?

® No lower limit

® Upper limit: 200 SSU (= 43 cS). Limited-by atomization,
however fuel may be heated to attain this viscosity.

Can a tracer gas such as SF6é be continuously injected into the
liquid fuel stream (approximately 0.2 ml SFé per liter of fuel)?
If SF6 cannot be injected into the liquid fuel stream directly, are
there possibilities of injection near the burner?

SFg is a gas, and cannot be added to the liquid fuel without disrupting
the performance of pressure jet atomizers. It would cause intermittent
sputtering from the nozzle. It could be used in the air side of a twin-

fluid atomizer or seperately injected at the nozzle tip.

ATe ports available for flame temperature determination using opti-
cal pyrometry? suction pyrometry? Do you routinely measure the
flame temperature in the CU? What technique is used?

Flame temperature access ports are available. We generally use suction

pyrometry for routine measurements in bench-scale flames.
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10.

Can flame impingement on a cold surface be simulated? Please
describe. Can a cold wall guench be simulated? If so, please
describe the placement of the quenching wall and how the cold wall
is cogled?

Flame impingement: This has been simulated by placing a water-cooled
spiral coil directly into the fiame zone. The impingement of
the flame onto the cold surface produces marked quench behaivor.

Cold walls: These are simulated by use of double jacketed stainless
steel water-cooled walls. Cooling water is circulated in the
gap between the.innEr and outside wall.

Can the injection of the combustion air be staged for thlS cu?
Please describe.

No. This unit was designed to represent primary flame zone
behavior; post flame processes such as air stag1ng were not
designed into the present system.

What is the range of swirl numbers available on the CU burner for
combustion of a nominal No. 2 fuel o0il?

Zero to 2.4

Could a failure of the CU burner atomizer be simulated? Please
describe.

Yes. The pressure jet nozzle has been replaced by one with a higher
capacity to simulate atomizer failure. At constant fuel flow this.
yields the larger droplets and Tow fuel pressure deop characteristic
of worn or failed atomizers. A Malvern laser diffraction particle

size analyzer can be used to directly determine the atomization
quality.

Can the temperature history of, the gases in the post flame region
be obtained?

Yes. Suction pyrometry will yield the post-flame thermal field.
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11.

12.

13.

l4.

15.

le.

Is wall temperature data available.? Yes

Is it possible to change the volume of the CU by bolting on
another section? How long would it take to change the CU volume?
8y what percentage can the original volume of the CU be changed by
the bolt-on section(s).

Yes. Reactor is made up of three 0.8 cubic foot sections. Con-
figuration of 0.8, 1.6, and 2.4 cubic feet are possible. These
can be. interchanged within one hour.

How many ports are available fdf sampling along the post flame
region?
One port is available at the reactor exit.

Please describe data gathering/analysis capabilities that are
available for CU tests (real time temperatures/flow/gas con-
centration information, computer plots, statistical information,

etc. ).

Reactor flows:

® Aijr: venturi ® 0p: Taylor paramagnetic
® Fuel: rotameter - ®  Total hydrocarbons: Beckman
Temperature: 402 Flame Ionization Detector

® Exhaust gas: thermocouple
Composition of exhaust gas

e (CO: Anarad NDIR
® (02: Beckman NDIR

Is there a computer model for this CU available? what parameters

can be modeled? yes, A two-dimensional model of the TFR can be
configured from Richter's Monte Carlo radiation heat transfer model.
This thermal information can be coupled into a waste DRE code that
uses the various thermal pathways through the reactor to calculate
an overall DRE.

Are burners that simultanecusly inject both liquid waste and
gaseous fuels available for the CU?

Not.present]y. These could be fabricated with 1ittle difficulty.
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17.

18.

19.

Is a gas burner available for the CU?
Yes.

The- following relate to combustion of solids in the CU. For this
CU, are burners available for combustion of liquid slurries con-
taining solids, e.g., can the EPA soups containing kitty litter be
combusted? What solids and liquids have been tested? What is the
maximum permissible size of solids?

No solids or slurries have been tested in this unit.

Please estimate the cost charged to CARB to run a test for one week
(Monday to Friday). Assumes a) a practice run on Monday after-
noon, &4 days of tests, b) one contractor supplied ligquid fuel
(specified by CARB) will be used during the entire week, c) the
following failure conditions will be simulated (if possible): ato-
mizer failure, wall or flame impingment quench, high excess air,
low excess air, d) SFé injection will be performed during all
tests, (CARB will supply all personnel for analysis and monitoring
of SF6 test, contractor will provide an injection port into fuel
line), e) contracting company must provide: the use of a CU with
all necessary personnel for its operation, all process information
(rates, temperatures, flame temperatures, concentrations, etc.),
and access to CARB for a stack test. Assume that CARB will gather
samples during regular working hours only. ,

Estimated $6,000/week
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PART II. - QUESTIONNAIRE
1,

NAME OF COMPANY -

NAME QF COMBUSTION UNIT - CU-E

1. RANGE OF FIRING RATES OF THE PILOT SCALE COMBUSTION UNIT (CU)
FOR A NOMINAL NO. 2 FUEL OIL.

8 - 2.5 Million Btu/Hr
. CORRESPONDING APPROXIMATE EXHAUST GAS FLOWRATE.

150 - 550 SCFM. (depends on excegs air, exhaust gas
flowrate .is about 16% SCFM per 10° Btu/Hr heat input at
0% exhaust 0, for No2 fuel 0il)

3. FOR LIQUID FUELS, WHAT IS THE RANGE OF FUEL VISCOSITIES THAT
CAN BE FIRED?

30 - 100 SSU@ 100°F currently we can only deliver the light
fuel o0il because of the multiburner arrangement. A heavey
fuel 0il delivery system could be designed and built for
the unit. ‘

4. CAN A TRACER GAS SUCH AS SF6 BE CONTINUOUSLY INJECTED INTO
THE 'LIQUID FUEL STREAM (APPROXIMATELY 0.2 ML SF6 PER LITER
OF FUEL)? IF SF6 CANNOT BE INJECTED INTO THE LIQUID STREAM
DIRECTLY, ARE THERE POSSIBILITIES OF INJECTION NEAR THE
BURNER?

Injection either into the fuel oil line or near.the burner(s)
is possible. Air or steam atomized nozzles can be used and
the SF6 can be injected into this gas stream.

Alternatively dual fuel nozzles are frequently used and the
SF6 can be injected into the gas nozzle when firing on

liquid fuels.

5. ARE PORTS AVAILABLE FOR FLAME TEMPERATURE DETERMINATION
USING OPTICAL PYROMETRY? SUCTION PYROMETRY? D0 YOU
ROUTINELY MEASURE THE FLAME TEMPERATURE IN THE CU? WHAT
TECHNIQUE IS USED?

3% diameter ports are located throughout the furnace for
optical or suction pyrometry. Both bare (type R (Pt-Pt/Rd)
thermocouples and suction pyrometers are routinely utilized
in the facility. When no cooling surface is installed in the
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unit bare thermocouples yield results very close to suction
pyrometry temperatures. Flame impingement is simulated by
directing the burner (and flame) at the cold well or placing
the cold wall in the path of the flame.

.
«

6. 'y CAN FLAME IMPINGEMENT ON A COLD SURFACE BE SIMULATED? PLEASE

9.

10.

"DESCRIBE. CAN A COLD WALL QUENCH BE SIMULATED? IF S0,

PLEASE DESCRIBE THE PLACEMENT OF THE QUENCHING WALL AND HOW

THE COLD WALL IS COOLED.

Yes to both. .Either water cooled or Dowtherm/{100-500 F)
cooled panels have utilized in the CU. These panels may

be fabricated with any surface area depending on the re-
gquirement of the experiment and placed at any position
within the firebox. Generally a serpentine pattern for the
cooling path is chosen. The coolant enters and .exits _
through two (or more) of the numerous ports located within
the CU. :

CAN THE INJECTION OF THE COMBUSTION AIR BE STAGED FOR THIS

CU? PLEASE DESCRIBE.

"Yes. Again the numerous ports can be used to inject
staging air into the CU. A multiport manifold allows the
staged air to be controlled and measured to any location
within the CU. This staged air is preheated to the
temperature of the main combustion air.

WHAT IS THE RANGE OF SWIRL NUMBERS AVAILABLE ON THE CU BURNER
FOR COMBUSTION OF A NOMINAL NO. 2 FUEL-OIL?

Because this unit is tangentially fired there are either 4
or 8 fuel inlets. Some swirl is imparted to the air immed-
jately surrounding the fuel nozzle. However, most of the
combustion air is introduced in an axial manner but tang-
ential to the main firebox. This tangent angle

may be varied to change firebox aerodynamics.

COULD A FAILURE OF THE CU BURNER ATOMIZER BE SIMULATED?

PLEASE DESCRIBE.

If an air or steam atomized nozzle is utilized the easiest
way to simulate a failed nozzle is to reduce or turn off
the atomizing air. With a pressure atomized nozzle an
oversized nozzle could be used to produce large fuel drop-
lets. '

CAN THE TEMPERATURE HISTORY OF THE GASES IN THE POST FLAME
REGION BE OBTAINED?

Yes, again access ports are available over the whole length
of the combustor and into the convection passages. Therm-
ocouples or a suction pyrometer can be used at any of these
ports to obtain both radial and axial temperature

profiles. :
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11. IS WALL TEMPERATURE DATA AVAILABLE?

Yes; there are 5 thermocouples embedded in the walls 1"
below the surface in the flame region. -

12.315 IT POSSIBLE TO CHANGE THE VOLUME OF THE CU BY BOLTING ON

ANOTHER SECTION? HOW LONG WOULD IT TAKE TO CHANGE THE CU
VOLUME? BY WHAT PERCENTAGE CAN THE ORIGINAL VOLUME OF THE
CU BE CHANGED BY THE BOLT-ON SECTION(S).

It is possible to change the combustion volume to some ex-
tent by inserting heat transfer surface down into the com-
bustion volume. Altenatively sampling could be made within
the combustion volume at locations which represent various
residence times. By the former -technique the volume could
be reduced by about 20%. By the latter technique the
effective volume could be varied by a factor of two.

13. HOW MANY PORTS ARE AVAILABLE FOR SAMPLING ALONG THE POST
FLAME REGION? :

There are 18 ports throughout the combustion volume. The
ports vary in size from 1" to 3". .

14. PLEASE DESCRIBE DATA GATHERING/ANALYSIS CAPABILITIES THAT
ARE AVAILABLE FOR CU TESTS (REAL TIME TEMPERATURES/FLOW/GAS
CONCENTRATION INFORMATION, COMPUTER PLOTS, STATISTICAL IN-
FORMATION, ETC.). :

A1l temperatures (thermocouple read-out) are continuously
monitored by an Apple Computer-based data acquisition
system. A11 mass flows are determined by orifice/
manometer sets and the data manually fed to the computer
for determination of mass flow and storage of the data.
There is continuous sampling of 0,, CO5, COo, NOy, SO and
TUHC. These values are recorded continuously on strip chart
recorders and an additional set of data is manually fe